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Abstract: Neuregulin-1 (NRG1) is a well-recognized risk gene for schizophrenia and is often implicated in the 
neurodevelopmental hypothesis of this illness. Alternative splicing and proteolytic processing of the NRG1 
gene produce more than 30 structural variants; however, the neuropathological roles of individual variants 
remain to be characterized. On the basis of the neurodevelopmental hypothesis of schizophrenia, we 
administered eNRG1 (0.1~1.0 μg/g), a core epidermal growth factor-like (EGF) domain common for all splicing 
NRG1 variants, to neonatal mice and compared their behavioral performance with mice challenged with a full 
mature form of type 1 NRG1 variant. During the neonatal stage, recombinant eNRG1 protein administrated 
from the periphery passed the blood-brain barrier and activated its receptor (ErbB4) in the brain. In adults, the 
mice receiving the highest dose exhibited lower locomotor activity and deficits in prepulse inhibition and tone-
dependent fear learning, although the hearing reduction of the eNRG1-treated mice may explain these 
behavioral deficits. Neonatal eNRG1 treatment also significantly potentiated MK-801-driven locomotor activity 
in an eNRG1 dose-dependent manner. In parallel eNRG1 treatment enhanced MK-801-driven c-Fos induction 
and decreased immunoreactivity for NMDA receptor subunits in adult brain. In contrast, mice that had been 
treated with the same molar dose of a full mature form of type 1 NRG1 as neonates did not exhibit 
hypersensitivity to MK-801. However, both animal models exhibited similar hypersensitivity to 
methamphetamine. Collectively, our findings suggest that aberrant peripheral NRG1 signals during 
neurodevelopment alter later behavioral traits and auditory functions in the NRG1 subtype-dependent manner. 

Keywords: Behavior, MK-801, Neuregulin-1, NMDA receptor, hearing, schizophrenia. 

INTRODUCTION 
 Genetic polymorphism of neuregulin-1 (NRG1) is 
suggested to associate with vulnerability to psychiatric 
diseases such as schizophrenia and bipolar disorder 
[1-3]. The genetic association of NRG1 with 
schizophrenia was first demonstrated with the 
haplotype block called HAPICE that is located in the 5’-
end of the gene and consists of three single nucleotide 
polymorphisms (SNPs) and two microsatellites [1]. This 
initial finding has been replicated in multiple samples, 
but not in all populations [1-3]. Alternative splicing or 
promoter usage of the NRG1 gene produces multiple 
isoforms of NRG1 precursor proteins (type I-VI) [4-6]. 
The posttranslational processing of the NRG1 
precursors further modifies the protein structures of 
these isoforms to alter their biological activity [7]. 
However, the pathological contribution of each NRG1 
isoform is not fully understood. Genetic mutant mice 
that lack the isoform-specific exon(s) or overexpress a 
specific isoform of NRG1 exhibit distinct behavioral 
abnormalities relevant to schizophrenia endopheno-
types, potentially suggesting the divergence of the  
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isoforms’ functions in vivo [8-12]. These experiments 
were often performed by independent researchers and 
did not allow us to accurately compare the behavioral 
consequences of the individual isoforms’ 
manipulations. To test the functional difference of the 
NRG1 isoforms, here, we investigated and compared 
the behavioral traits of the mice treated with type1 
NRG1 (T1-NRG1) and those with its processing 
product; an epidermal growth factor (EGF) domain 
peptide (eNRG1). These NRG1 derivatives are 
potentially induced or recruited in the prenatal and 
perinatal immune inflammatory processes that are 
implicated in schizophrenia etiology [13,14]. 
 We have been testing the neurodevelopmental 
hypothesis of schizophrenia, assessing the 
neurobehavioral impact of neonatal exposure to T1-
NRG1 [15]. In addition to T1-NRG1, here, we 
challenged mouse neonates with eNRG1 to compare 
the neurobehavioral effects of the two NRG1 variants, 
eNRG1 and T1-NRG1. Although there are multiple 
isoforms of NRG1 precursor proteins (type I-VI), which 
are generated by alternative splicing or promoter usage 
of the NRG1 gene, but all NRG1 isoforms carry this 
core active domain (i.e., eNRG1) for their receptor 
binding [5,6]. Moreover, eNRG1 is naturally produced 
by proteolytic processing of T1-NRG1 with a protease, 
neuropsin, and suggested to exert a distinct action in 

 1����5���/15 $58.00+.00 © 2015 Bentham Science Publishers 
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did not allow us to accurately compare the behavioral 
consequences of the individual isoforms’ 
manipulations. To test the functional difference of the 
NRG1 isoforms, here, we investigated and compared 
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hippocampal synaptic plasticity [7]. We assessed basal 
behavioral traits to evaluate the relevancy of eNRG1-
injected mice to an animal model for schizophrenia, 
comparing the previous results from the mice exposed 
to T1-NRG1 [15]. As NRG1 signals are known to 
regulate NMDA receptor expression and function in the 
brain [16-19]. Thus, we investigated the sensitivity of 
eNRG1-treated mice to the NMDA receptor antagonist 
MK-801 as well as the expression of NMDA receptor 
subunits in these mice [17,18]. 

MATERIALS AND METHODS 
Ethics Statement 
 All of the animal experiments described were 
approved by the Animal Use and Care Committee of 
Niigata University and performed in accordance with 
the guidelines of NIH (USA). 

Animals 
 C57BL/6NCrj mouse dams of late pregnancy were 
purchased from Nihon Charles River (Yokohama, 
Japan) and their pups were used for experiments. Mice 
were housed with their dam in polypropylene cages 
(24L × 17W × 12H cm) in temperature-controlled 
colony room maintained under a 12-h light-dark cycle 
(light on 8:00 h) with free access to food and water. At 
postnatal day (PND) 25-28, pups were weaned and 
separated into cage (three or four animals per cage). 
Both male and female mice were subjected to 
behavioral tests during PND 56-70 [15]. Behavioral 
tests were performed during the light-cycle. 

Reagents 
 Recombinant epidermal growth factor domain of 
human NRG 1β1/heregulin 1β1 was purchased from 
PeproTech EC (London, UK). This NRG1 peptide is 
sufficient for activation of the ErbB4 receptor tyrosine 
kinase. We will refer to it simply as "eNRG1". 
Alternatively, we used the full mature form of 
recombinant type-1 NRG1β1 protein (T1-NRG1; MW 
25400 Da) [15]. (+)-MK-801 (dizocilpine) was 
purchased from Tocris Cookson Ltd (Ellisville, MO, 
USA). 

NRG1-Treatment and Psychotomimetic Challenge 
 eNRG1 or T1-NRG1 was administered 
subcutaneously (s.c.) to individual litters during 
postnatal days PND 2-10 at the nape of the neck at a 
dose of 0.1, 0.3, or 1.0 µg/g body weight (injection 
volume 15 µl/g). The experimental design and 
procedures were based on our previous studies of the 
EGF model for schizophrenia [20]. Control littermates 
received a phosphate-buffered saline (PBS; vehicle) 
injection of the same volume. MK-801 (0.3 µg/g; 10 
µl/g) and methamphetamine (1.0 µg/g; 10 µl/g) 
dissolved in saline were administered intraperitoneally 
(i.p.) to adult mice (PND 56-70) [15,21]. 
 

Immunoprecipitation 
 Protein extracts were prepared from whole brains of 
eNRG1-treated or vehicle-treated control mice on 
PND2 [15]. Each brain was homogenized in a RIPA 
lysis buffer [50 mM Tris-HCl buffer (pH 7.4) with 1% 
TritonX-100, 1% sodium deoxycholate, 0.1% sodium 
dodecyl sulfate (SDS), 150 mM NaCl, 5 mM EDTA, 1 
mM Na3VO4, and 1 mM NaF) plus a protease inhibitor 
cocktail (Complete Mini; Roche, Mannheim, Germany). 
After centrifugation, supernatants were harvested and 
protein content was determined using a Micro BCA kit 
(Pierce Chemical, Rockland, IL, USA). Each brain 
lysate (2 mg protein) was then incubated with 2 µg of 
anti-ErbB4 antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) overnight and mixed with Protein G 
Sepharose beads (20 µl; GE Healthcare Bio-Science 
AB, Uppsala, Sweden) for 3 h. Sepharose beads were 
washed with RIPA buffer, and denatured with 100 µl of 
2 × SDS sample buffer (125 mM Tris-HCl pH 6.8, 4% 
SDS, 10% 2-mercaptoethanol). The specificity of the 
anti-ErbB4 antibody was ascertained by immuno-
blotting of cell lysates containing individual ErbB1-4 
proteins (HN, unpublished data). Immunoprecipitates 
were then analyzed by gel electrophoresis as 
described below. 

Immunoblotting 
 Brain tissues were homogenized in the sample lysis 
buffer (62.5 mM Tris-HCl pH 6.8, 2 % SDS, 0.5 % NP-
40, 5 mM EDTA) plus the protease inhibitor cocktail 
(Roche). Protein samples (15-30 µg/lane) were 
separated by SDS-polyacrylamide gel electrophoresis 
and transferred to nitrocellulose membranes. Memb-
ranes were probed with antibodies directed against 
phosphotyrosine (1:1000, Millipore, Bedford, MA, 
USA), ErbB4 (1:1000, Santa Cruz Biotechnology). 
Alter-natively, immunoblots were probed with 
antibodies directed against excitatory and inhibitory 
neuronal markers [GluA1 (1:500, Millipore), GluA2/3 
(1:1000, Millipore), GluA4 (1:1000, Millipore), GluN1 
(1:1000, Millipore), GluN2A (1:500, Millipore), GluN2B 
(1: 500, Millipore), GluN2C (1:500, Millipore), GluN2D 
(1:1000, Santa Cruz Biotechnology), GAD65/67 
(1:1000, Millipore), parvalbumin (1:3000, Abcam, 
Cambridge UK), tyrosine hydroxylase (1:1000, 
Millipore) neuregulin-1 (1:300, RandD Systems, 
Minneapolis, MN), and β-actin (1:2000, Millipore)]. 
Immunoreactivity on membranes was detected by 
peroxidase-conjugated anti-immunoglobulin antibodies 
followed by chemiluminescence reaction (ECL kit, GE 
Healthcare) and film exposure. The intensity of an 
immunoreactive band, whose size matched the 
authentic molecular weight, was measured by an 
image processing software, GENETOOLS (Syngene, 
Cambridge, UK). 

Auditory Brain-Stem Evoked Response 
 The lowest level, at which an auditory brain-stem 
evoked response (ABR) pattern is recognized, was  
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determined in each mouse [15]. Mice were 
anesthetized with an intramuscular injection of 
ketamine (75 mg/kg) and xylazine (7.5 mg/kg), and 
placed in a close acoustic room [15]. A stainless-steel 
electrode was inserted subcutaneously into the vertex 
(positive pole), retroauricular region (negative pole), 
and opposite retroauricular region (background). 
Acoustic stimuli, consisting of a tone burst (0.1 ms rise 
and fall no plateau) at a frequency of 10 kHz, were 
presented to each mouse with a sound stimulator 
(DPS-725, Diamedical System, Tokyo, Japan) and 
speaker (PT-R9, Pioneer, Tokyo, Japan) in an open 
field. For each time point, 500 responses for each 
mouse were recorded and filtered for band widths of 
100–3000 Hz. The Neuropac μ (Nihonkoden, Tokyo, 
Japan) was used to analyze the ABR response. 

c-Fos Immunohistochemistry 
 Levels of c-Fos expression were assessed by 
counting the number of c-Fos-immunoreactive cells 
[22]. Mice were deeply anesthetized with halothane 
(Takeda Pharmaceutical Co, Osaka, Japan) 3 h after 
the single injection of MK-801 (0.3 µg/g) and perfused 
intracardiacally with PBS, followed by 4% 
paraformaldehyde in 0.1 M phosphate-buffer (pH 7.2). 
Coronal sections (40 µm) were made by a cryostat and 
incubated with a blocking solution containing PBS, 5% 
nonfat milk and 0.25% TritonX-100 for 2 h and 
incubated with rabbit anti-c-Fos antibody (1:20000; PC-
38, Calbiochem, La Jolla, CA, USA) in the blocking 
solution 48 h at 4°C, followed by biotinylated anti-rabbit 
immunoglobulin antibody (1:200; BA-1000, Vector 
Laboratories). Sections were washed and processed 
with the avidin-biotinylated horseradish peroxidase 
complex (Vector ABC kit Vector Laboratories, 
Burlingame, CA, USA). Immunoreactivity was 
visualized with the chromogen 3, 3’- diaminobenzidine. 
To quantify the number of c-Fos positive cells in the 
brain, we used an all-in-one microscope (BZ-9000, 
Keyence, Osaka, Japan) and a BZ-Analyzer 
(Keyence) to scan the sections, and quantified the cell 
numbers from the digital images using NIH Image (ver. 
1.61) cell-counting system [23]. 

Behavioral Testing 
 Acoustic startle response and prepulse inhibition 
(PPI) were measured as fully described previously 
[10,15]. Test paradigm of context- and tone-dependent 
fear learning, locomotor measurement, resident-
intruder assessment [24] and further procedural details 
of individual behavioral tests, see Supplementary 
Information. Three independent cohorts of mice were 
made for each NRG1 subtypes and each doses and 
assigned to the following three types of experiments; 
basal behavioral tests (locomotor assessment, sound 
startle test, and fear conditioning in the less stressful 
order), the MK-801 experiments, and the resident-
intruder test (see below). 
 
 

Statistical Analysis 
 Data are presented as mean ± SEM. Computation 
was carried out using the SPSS 11.0 for Windows  
(Tokyo, Japan). Behavioral or immunohistochemical 
data were first subjected to the Shapiro-Wilk test (for 
the fitting to Gesian distribution) and Levene's test (for 
the equality of standard deviations) and then either 
one-way analysis of variance (ANOVA) or Student’s t-
test. ANOVA adopts NRG1-treatment as a between-
subject factor, NRG1-treatment as a between-subject 
factor and time as a within-subject factor, or eNRG1/ 
T1-NRG1 treatment and drug injection as between-
subject factors. ABR data were subjected to two-way 
ANOVA with eNRG1-treatment as a between-subject 
factor and frequency of auditory stimulus as a within-
subject factor. Other data stem from experimental 
groups were subjected to Student’s t-test. Some of the 
data in the frequency of c-fos, startle responses and 
PPI scores had showed biased distributions or 
difference in deviations among groups, suggesting the 
risk of type 1 errors in ANOVA (Supplemental Table 
S1). Subsequently, a Tukey HSD test was applied to 
the data carrying equal deviations as a post hoc test. 
Alternatively, a Scheffe's test was applied to the data 
having non-equal deviations to validate the initial 
ANOVA assessment. When there was significant 
interaction between eNRG1-treatment and drug, data 
were analyzed separately to avoid the interaction for 
the final analysis. A p value < 0.05 was regarded as 
statistically significant. 

RESULTS 
eNRG1 Penetration into the Brain 
 Since the blood-brain barrier of neonatal mice is 
immature, peripherally administered cytokines can 
reach the brain [15,25]. To confirm that eNRG1 in 
circulation penetrates the blood-brain barrier and 
activates intracerebral NRG1 receptors, we 
subcutaneously administered eNRG1 (1.0 µg/g) to 
mouse pups (PND2) and examined eNRG1 
immunoreactivity and the phosphorylation of ErbB4 in 
the cerebrum. Immunoblotting revealed that there was 
eNRG1 immunoreactivity in the cerebrum of the 
eNRG1-injeced mice but not in that of saline-injected 
controls (Fig. 1A). Peripheral injection of eNRG1 also 
significantly increased phosphorylation levels of ErbB4 
[F(4,11) = 11.4, p < 0.01]. The increase persisted 
between 1-6 h after the injection with a peak of ErbB4 
phosphorylation at 3 h (Fig. 1B, C). Thus, a peripheral 
injection of eNRG1 to mouse pups can produce hyper-
signaling of NRG1/ErbB4 in the neonatal mouse brain. 

Exploratory Activity in Novel Environment 
 We administered various concentrations (vehicle 
alone, 0.1, 0.3, and 1.0 µg/g) of eNRG1 repeatedly to 
mouse neonates. We monitored several parameters of  
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hippocampal synaptic plasticity [7]. We assessed basal 
behavioral traits to evaluate the relevancy of eNRG1-
injected mice to an animal model for schizophrenia, 
comparing the previous results from the mice exposed 
to T1-NRG1 [15]. As NRG1 signals are known to 
regulate NMDA receptor expression and function in the 
brain [16-19]. Thus, we investigated the sensitivity of 
eNRG1-treated mice to the NMDA receptor antagonist 
MK-801 as well as the expression of NMDA receptor 
subunits in these mice [17,18]. 

MATERIALS AND METHODS 
Ethics Statement 
 All of the animal experiments described were 
approved by the Animal Use and Care Committee of 
Niigata University and performed in accordance with 
the guidelines of NIH (USA). 

Animals 
 C57BL/6NCrj mouse dams of late pregnancy were 
purchased from Nihon Charles River (Yokohama, 
Japan) and their pups were used for experiments. Mice 
were housed with their dam in polypropylene cages 
(24L × 17W × 12H cm) in temperature-controlled 
colony room maintained under a 12-h light-dark cycle 
(light on 8:00 h) with free access to food and water. At 
postnatal day (PND) 25-28, pups were weaned and 
separated into cage (three or four animals per cage). 
Both male and female mice were subjected to 
behavioral tests during PND 56-70 [15]. Behavioral 
tests were performed during the light-cycle. 

Reagents 
 Recombinant epidermal growth factor domain of 
human NRG 1β1/heregulin 1β1 was purchased from 
PeproTech EC (London, UK). This NRG1 peptide is 
sufficient for activation of the ErbB4 receptor tyrosine 
kinase. We will refer to it simply as "eNRG1". 
Alternatively, we used the full mature form of 
recombinant type-1 NRG1β1 protein (T1-NRG1; MW 
25400 Da) [15]. (+)-MK-801 (dizocilpine) was 
purchased from Tocris Cookson Ltd (Ellisville, MO, 
USA). 

NRG1-Treatment and Psychotomimetic Challenge 
 eNRG1 or T1-NRG1 was administered 
subcutaneously (s.c.) to individual litters during 
postnatal days PND 2-10 at the nape of the neck at a 
dose of 0.1, 0.3, or 1.0 µg/g body weight (injection 
volume 15 µl/g). The experimental design and 
procedures were based on our previous studies of the 
EGF model for schizophrenia [20]. Control littermates 
received a phosphate-buffered saline (PBS; vehicle) 
injection of the same volume. MK-801 (0.3 µg/g; 10 
µl/g) and methamphetamine (1.0 µg/g; 10 µl/g) 
dissolved in saline were administered intraperitoneally 
(i.p.) to adult mice (PND 56-70) [15,21]. 
 

Immunoprecipitation 
 Protein extracts were prepared from whole brains of 
eNRG1-treated or vehicle-treated control mice on 
PND2 [15]. Each brain was homogenized in a RIPA 
lysis buffer [50 mM Tris-HCl buffer (pH 7.4) with 1% 
TritonX-100, 1% sodium deoxycholate, 0.1% sodium 
dodecyl sulfate (SDS), 150 mM NaCl, 5 mM EDTA, 1 
mM Na3VO4, and 1 mM NaF) plus a protease inhibitor 
cocktail (Complete Mini; Roche, Mannheim, Germany). 
After centrifugation, supernatants were harvested and 
protein content was determined using a Micro BCA kit 
(Pierce Chemical, Rockland, IL, USA). Each brain 
lysate (2 mg protein) was then incubated with 2 µg of 
anti-ErbB4 antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) overnight and mixed with Protein G 
Sepharose beads (20 µl; GE Healthcare Bio-Science 
AB, Uppsala, Sweden) for 3 h. Sepharose beads were 
washed with RIPA buffer, and denatured with 100 µl of 
2 × SDS sample buffer (125 mM Tris-HCl pH 6.8, 4% 
SDS, 10% 2-mercaptoethanol). The specificity of the 
anti-ErbB4 antibody was ascertained by immuno-
blotting of cell lysates containing individual ErbB1-4 
proteins (HN, unpublished data). Immunoprecipitates 
were then analyzed by gel electrophoresis as 
described below. 

Immunoblotting 
 Brain tissues were homogenized in the sample lysis 
buffer (62.5 mM Tris-HCl pH 6.8, 2 % SDS, 0.5 % NP-
40, 5 mM EDTA) plus the protease inhibitor cocktail 
(Roche). Protein samples (15-30 µg/lane) were 
separated by SDS-polyacrylamide gel electrophoresis 
and transferred to nitrocellulose membranes. Memb-
ranes were probed with antibodies directed against 
phosphotyrosine (1:1000, Millipore, Bedford, MA, 
USA), ErbB4 (1:1000, Santa Cruz Biotechnology). 
Alter-natively, immunoblots were probed with 
antibodies directed against excitatory and inhibitory 
neuronal markers [GluA1 (1:500, Millipore), GluA2/3 
(1:1000, Millipore), GluA4 (1:1000, Millipore), GluN1 
(1:1000, Millipore), GluN2A (1:500, Millipore), GluN2B 
(1: 500, Millipore), GluN2C (1:500, Millipore), GluN2D 
(1:1000, Santa Cruz Biotechnology), GAD65/67 
(1:1000, Millipore), parvalbumin (1:3000, Abcam, 
Cambridge UK), tyrosine hydroxylase (1:1000, 
Millipore) neuregulin-1 (1:300, RandD Systems, 
Minneapolis, MN), and β-actin (1:2000, Millipore)]. 
Immunoreactivity on membranes was detected by 
peroxidase-conjugated anti-immunoglobulin antibodies 
followed by chemiluminescence reaction (ECL kit, GE 
Healthcare) and film exposure. The intensity of an 
immunoreactive band, whose size matched the 
authentic molecular weight, was measured by an 
image processing software, GENETOOLS (Syngene, 
Cambridge, UK). 

Auditory Brain-Stem Evoked Response 
 The lowest level, at which an auditory brain-stem 
evoked response (ABR) pattern is recognized, was  
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determined in each mouse [15]. Mice were 
anesthetized with an intramuscular injection of 
ketamine (75 mg/kg) and xylazine (7.5 mg/kg), and 
placed in a close acoustic room [15]. A stainless-steel 
electrode was inserted subcutaneously into the vertex 
(positive pole), retroauricular region (negative pole), 
and opposite retroauricular region (background). 
Acoustic stimuli, consisting of a tone burst (0.1 ms rise 
and fall no plateau) at a frequency of 10 kHz, were 
presented to each mouse with a sound stimulator 
(DPS-725, Diamedical System, Tokyo, Japan) and 
speaker (PT-R9, Pioneer, Tokyo, Japan) in an open 
field. For each time point, 500 responses for each 
mouse were recorded and filtered for band widths of 
100–3000 Hz. The Neuropac μ (Nihonkoden, Tokyo, 
Japan) was used to analyze the ABR response. 

c-Fos Immunohistochemistry 
 Levels of c-Fos expression were assessed by 
counting the number of c-Fos-immunoreactive cells 
[22]. Mice were deeply anesthetized with halothane 
(Takeda Pharmaceutical Co, Osaka, Japan) 3 h after 
the single injection of MK-801 (0.3 µg/g) and perfused 
intracardiacally with PBS, followed by 4% 
paraformaldehyde in 0.1 M phosphate-buffer (pH 7.2). 
Coronal sections (40 µm) were made by a cryostat and 
incubated with a blocking solution containing PBS, 5% 
nonfat milk and 0.25% TritonX-100 for 2 h and 
incubated with rabbit anti-c-Fos antibody (1:20000; PC-
38, Calbiochem, La Jolla, CA, USA) in the blocking 
solution 48 h at 4°C, followed by biotinylated anti-rabbit 
immunoglobulin antibody (1:200; BA-1000, Vector 
Laboratories). Sections were washed and processed 
with the avidin-biotinylated horseradish peroxidase 
complex (Vector ABC kit Vector Laboratories, 
Burlingame, CA, USA). Immunoreactivity was 
visualized with the chromogen 3, 3’- diaminobenzidine. 
To quantify the number of c-Fos positive cells in the 
brain, we used an all-in-one microscope (BZ-9000, 
Keyence, Osaka, Japan) and a BZ-Analyzer 
(Keyence) to scan the sections, and quantified the cell 
numbers from the digital images using NIH Image (ver. 
1.61) cell-counting system [23]. 

Behavioral Testing 
 Acoustic startle response and prepulse inhibition 
(PPI) were measured as fully described previously 
[10,15]. Test paradigm of context- and tone-dependent 
fear learning, locomotor measurement, resident-
intruder assessment [24] and further procedural details 
of individual behavioral tests, see Supplementary 
Information. Three independent cohorts of mice were 
made for each NRG1 subtypes and each doses and 
assigned to the following three types of experiments; 
basal behavioral tests (locomotor assessment, sound 
startle test, and fear conditioning in the less stressful 
order), the MK-801 experiments, and the resident-
intruder test (see below). 
 
 

Statistical Analysis 
 Data are presented as mean ± SEM. Computation 
was carried out using the SPSS 11.0 for Windows  
(Tokyo, Japan). Behavioral or immunohistochemical 
data were first subjected to the Shapiro-Wilk test (for 
the fitting to Gesian distribution) and Levene's test (for 
the equality of standard deviations) and then either 
one-way analysis of variance (ANOVA) or Student’s t-
test. ANOVA adopts NRG1-treatment as a between-
subject factor, NRG1-treatment as a between-subject 
factor and time as a within-subject factor, or eNRG1/ 
T1-NRG1 treatment and drug injection as between-
subject factors. ABR data were subjected to two-way 
ANOVA with eNRG1-treatment as a between-subject 
factor and frequency of auditory stimulus as a within-
subject factor. Other data stem from experimental 
groups were subjected to Student’s t-test. Some of the 
data in the frequency of c-fos, startle responses and 
PPI scores had showed biased distributions or 
difference in deviations among groups, suggesting the 
risk of type 1 errors in ANOVA (Supplemental Table 
S1). Subsequently, a Tukey HSD test was applied to 
the data carrying equal deviations as a post hoc test. 
Alternatively, a Scheffe's test was applied to the data 
having non-equal deviations to validate the initial 
ANOVA assessment. When there was significant 
interaction between eNRG1-treatment and drug, data 
were analyzed separately to avoid the interaction for 
the final analysis. A p value < 0.05 was regarded as 
statistically significant. 

RESULTS 
eNRG1 Penetration into the Brain 
 Since the blood-brain barrier of neonatal mice is 
immature, peripherally administered cytokines can 
reach the brain [15,25]. To confirm that eNRG1 in 
circulation penetrates the blood-brain barrier and 
activates intracerebral NRG1 receptors, we 
subcutaneously administered eNRG1 (1.0 µg/g) to 
mouse pups (PND2) and examined eNRG1 
immunoreactivity and the phosphorylation of ErbB4 in 
the cerebrum. Immunoblotting revealed that there was 
eNRG1 immunoreactivity in the cerebrum of the 
eNRG1-injeced mice but not in that of saline-injected 
controls (Fig. 1A). Peripheral injection of eNRG1 also 
significantly increased phosphorylation levels of ErbB4 
[F(4,11) = 11.4, p < 0.01]. The increase persisted 
between 1-6 h after the injection with a peak of ErbB4 
phosphorylation at 3 h (Fig. 1B, C). Thus, a peripheral 
injection of eNRG1 to mouse pups can produce hyper-
signaling of NRG1/ErbB4 in the neonatal mouse brain. 

Exploratory Activity in Novel Environment 
 We administered various concentrations (vehicle 
alone, 0.1, 0.3, and 1.0 µg/g) of eNRG1 repeatedly to 
mouse neonates. We monitored several parameters of  
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mouse development; tooth eruption, eyelid opening, 
and body weight gain (Table 1). NRG1, which belongs 
to the EGF polypeptide family, promotes tooth eruption 
and eyelid opening [15,26]. A one-way ANOVA 
revealed that repeated eNRG1 injections significantly 
stimulated eyelid opening [dose: F(3,56) = 90.31,  
p < 0.001] and tooth eruption [dose: F(3,56) = 35.54,  
 

 
Fig. (1). ErbB4 activation and eNRG1 immunoreactivity in the 
brain following peripheral eNRG1 injection. (A) Neonatal mice 
(PND2) were subcutaneously challenged with eNRG1 (1.0 
µg/g) and intracardiacally perfused with PBS 3 h after eNRG1 
injection. Brain lysates (200 µg/lane) were subjected to SDS 
polyacrylamide electrophoresis with the authentic eNRG1 
protein (1 ng; Posi). The presence of eNRG1 protein in the 
brain was examined by immunoblotting (n = 4 mice per 
group). (B) Whole brain lysates were prepared 0, 1, 3, 6, and 
12 h after subcutaneous injection of eNRG1 (1.0 µg/g) to 
neonatal mice (PND2). ErbB4 phosphorylation levels were 
examined using immunoblotting for phosphotyrosine 
combined with ErbB4 immunoprecipitation. (C) Relative 
levels of ErbB4 phosphorylation in the brains of eNRG1-
injected mice are presented (% of 0 time; mean ± SEM, n = 3 
per each time points). *p < 0.05 compared with 0 time by 
Tukey HSD. 

p < 0.001] in a dose-dependent manner. These results 
verified the physiological activity of injected eNRG1 in 
vivo. In addition, injections with higher doses of eNRG1 
(i.e. 0.3 μg/g and 1.0 μg/g), produced a 10-20% 
decrease in body weight gain that persisted until 
adulthood (Table 1). 
 At the young adult stage (PND54-70), we assessed 
the locomotor activity of eNRG1-treated mice in a novel 
environment. A one-way ANOVA yielded a significant 
difference among eNRG1 doses [F(3,36) = 4.6, p < 
0.01]. Post hoc comparisons revealed that the mice 
treated with the highest dose (1.0 µg/g) of eNRG1 
displayed significantly fewer horizontal movements 
compared with the other three groups (p < 0.05) (Fig. 
2A), whereas stereotypic behaviors of these mice were 
similar among the groups [dose: F(3,36) = 0.7, p = 
0.54] (Fig. 2B). There were no significant differences in 
the above indices between males and females [gender 
× dose: F(3,32) = 1.23, p = 0.31 for horizontal 
movements; gender × dose: F(3,32) = 0.27, p = 0.85 
for stereotypic movements], although stereotypic 
movements fundamentally differed between males and 
females [gender: F(3,32) = 1.23, p < 0.01]. 

Effects of Neonatal eNRG1-Treatment on Other 
Behavioral Traits 
 Using the mice treated with 1.0 and 0.3 μg/g doses 
of eNRG1, we further analyzed other behaviors of 
these animals in adulthood (PND56-70) such as fear 
learning ability, sensorimotor gating and social 
behavioral traits. The mice treated with the 1.0 μg/g 
dose of eNRG1 as neonates exhibited a marked 
reduction of PPI [eNRG1: F(1,49) = 61.3, p < 0.001, 
repeated ANOVA for 4 prepulses] (Table 2). There 
were no significant differences in eNRG1 effects 
between males and females [gender × eNRG1: F(1,47) 
= 2.26, p = 0.14]. These mice also showed a reduction 
in tone-dependent learning scores but did not alter 
context-dependent learning scores [F(1,39) = 0.004, p 
= 0.95 for context-dependent learning; F(1,39) = 23.8, 
p < 0.001 for tone-dependent learning, both repeated 
ANOVA for 5 bins]. There was no significant difference 
in shock sensitivity [F(1,39) = 0.005, p = 0.95] (Table 
2). There were no significant differences between 
males and females in eNRG1 effects on the above 
indices, either [gender × eNRG1; F(1,37) = 1.20, p = 
0.28 for conditioning: gender × eNRG1; F(1,37) = 0.41, 
p = 0.53 for context-dependent learning: gender × 
eNRG1: F(1,37) = 1.87, p = 0.18 for tone-dependent 
learning]. Similar behavioral alterations were observed 
when we administered the lower dose of eNRG1 (0.3 
μ/g) to mouse pups (Supplemental Fig. S1). This dose 
(0.3 μ/g) was approximately 40 pmol per gram body 
weight and equivalent to the molar dose of T1-NRG1 
that had been given to mouse pups in our previous 
study [15]. 
 To investigate the impact of neonatal eNRG1-
treatment on social behaviors in adulthood, we used a 
resident-intruder behavioral assay. In this assay, a 
group-housed male mouse (intruder) was placed in 
another home cage where a resident male mouse had 
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been housed alone until the test day (Table 2). eNRG1-
treated mice exhibited decreased sniffing duration 
compared with vehicle-treated controls (p < 0.05, 
unpaired t-test), whereas no significant difference 
between groups was found with sniffing counts or 
fighting counts (Table 2). The lower frequency of 
aggressive behaviors of the present mice can be 
ascribed to the mouse strain used in the present study 
(i.e., C57BL/6N) [27,28]. 

Effects of Neonatal eNRG1-Treatment on MK-801-
Driven-Locomotor Activity 
 Sensitivity to psychostimulants, such as NMDA 
receptor antagonists, have often been evaluated in 
animal models to assess their relevancy to a 
schizophrenia model. To test whether neonatal 
eNRG1-treatment (0.1, 0.3, and 1.0 μg/g) alters acute 
responsiveness to an NMDA receptor antagonist, MK-
801, in adulthood, mice were first acclimated to a novel 
environment to minimize the substantial difference of 
exploratory activity and/or motivation between groups. 
After one hour acclimation, mice were challenged with 
a 0.3 μg/g dose of MK-801 (Fig. 3). The given dose of 
MK-801 was the minimum dose that can induce 
hyperlocomotion in mice [29]. MK-801 markedly increa-
sed the locomotor activity of mice for approximately 2 h 
in both the eNRG1-treated and control groups [drug: 
F(1,36) = 29.7, p < 0.001]. However, the magnitude of  
 

MK-801-induced locomotor activity was significantly 
higher in the eNRG1-treated group than in the control 
group [eNRG1-treatment: F(1,36) = 5.2, p < 0.05; 
eNRG1 × drug: F(1,36) = 6.0, p < 0.05] (Fig. 3A). The 
sensitivity appeared to depend on the dose of eNRG1 
[eNRG1 dose: F(1,36) = 3.2, p < 0.05] (Fig. 3C). Thus, 
these results indicate that neonatal exposure to eNRG1 
enhances behavioral sensitivity to MK-801 in a dose-
dependent manner. However, there was no significant 
difference in MK-801-triggered stereotypic scores 
between eNRG1-treated and vehicle-treated control 
mice at any dose of eNRG1 [eNRG1 dose: F(3,36) = 
1.2, p = 0.34] (Fig. 3B, D). 

Effects of Neonatal eNRG1-Treatment on c-Fos-
Expression in the Brain 
 The NMDA antagonist MK-801 increases both 
dopamine and glutamate efflux primarily in the 
forebrain regions [30,31] and induces the gene expres-
sion of c-Fos through MK-801-evoked glutamatergic 
neurotransmission and subsequent MAP kinase/AP-1 
activation [22]. Employing c-Fos expression as a 
marker of neuronal activity, we examined the effects of 
neonatal eNRG1 treatment on MK-801-induced c-Fos 
expression and attempted to confirm the above 
observation; the higher sensitivity of eNRG1-treated 
mice to MK-801. We counted the number of c-Fos 
positive cells in the medial prefrontal cortex (mPFC), 
nucleus accumbens (NAc), piriform cortex, and  
 

Table 1. Summary of physical development. 
 

Dose � Vehicle � eNRG1�

Tooth Eruption (PND) 

0.1 μg/g 11.6 ± 0.2 10.4 ± 0.2*** 

0.3 μg/g 11.6 ± 0.2 10.2 ± 0.2*** 

1.0 μg/g 10.9 ± 0.2 9.4 ± 0.2*** 

Eyelid Opening (PND) 

0.1 μg/g 13.9 ± 0.1 11.5 ± 0.2*** 

0.3 μg/g 13.7 ± 0.2 10.8 ± 0.1*** 

1.0 μg/g 13.1 ± 0.2 10.5 ± 0.2*** 

Body Growth; P11 

0.1 μg/g 5.72 ± 0.13 5.52 ± 0.07 

0.3 μg/g 6.18 ± 0.20 5.62 ± 0.14* 

1.0 μg/g 6.05 ± 0.17 5.08 ± 0.22** 

Body Growth; P56 Male Female Male Female 

0.1 μg/g 24.2 ± 0.6 20.2 ± 0.3 23.8 ± 0.2 19.3 ± 0.3 

0.3 μg/g 24.2 ± 0.6 20.3 ± 0.4 21.4 ± 0.3** 18.4 ± 0.5* 

1.0 μg/g 19.4 ± 0.3 16.6 ± 0.3 17.6 ± 0.4** 14.3 ± 0.6** 
eNRG1 or vehicle was administered (s.c.) daily to neonatal mice during PND2-10. During and after treatment, we monitored eyelid opening, tooth eruption and body 
weight of all mice. Data are expressed as mean ± SEM (n = 10 per group). P-values, compared between eNRG1-treated and vehicle-treated groups by unpaired 
two-tailed t-test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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mouse development; tooth eruption, eyelid opening, 
and body weight gain (Table 1). NRG1, which belongs 
to the EGF polypeptide family, promotes tooth eruption 
and eyelid opening [15,26]. A one-way ANOVA 
revealed that repeated eNRG1 injections significantly 
stimulated eyelid opening [dose: F(3,56) = 90.31,  
p < 0.001] and tooth eruption [dose: F(3,56) = 35.54,  
 

 
Fig. (1). ErbB4 activation and eNRG1 immunoreactivity in the 
brain following peripheral eNRG1 injection. (A) Neonatal mice 
(PND2) were subcutaneously challenged with eNRG1 (1.0 
µg/g) and intracardiacally perfused with PBS 3 h after eNRG1 
injection. Brain lysates (200 µg/lane) were subjected to SDS 
polyacrylamide electrophoresis with the authentic eNRG1 
protein (1 ng; Posi). The presence of eNRG1 protein in the 
brain was examined by immunoblotting (n = 4 mice per 
group). (B) Whole brain lysates were prepared 0, 1, 3, 6, and 
12 h after subcutaneous injection of eNRG1 (1.0 µg/g) to 
neonatal mice (PND2). ErbB4 phosphorylation levels were 
examined using immunoblotting for phosphotyrosine 
combined with ErbB4 immunoprecipitation. (C) Relative 
levels of ErbB4 phosphorylation in the brains of eNRG1-
injected mice are presented (% of 0 time; mean ± SEM, n = 3 
per each time points). *p < 0.05 compared with 0 time by 
Tukey HSD. 

p < 0.001] in a dose-dependent manner. These results 
verified the physiological activity of injected eNRG1 in 
vivo. In addition, injections with higher doses of eNRG1 
(i.e. 0.3 μg/g and 1.0 μg/g), produced a 10-20% 
decrease in body weight gain that persisted until 
adulthood (Table 1). 
 At the young adult stage (PND54-70), we assessed 
the locomotor activity of eNRG1-treated mice in a novel 
environment. A one-way ANOVA yielded a significant 
difference among eNRG1 doses [F(3,36) = 4.6, p < 
0.01]. Post hoc comparisons revealed that the mice 
treated with the highest dose (1.0 µg/g) of eNRG1 
displayed significantly fewer horizontal movements 
compared with the other three groups (p < 0.05) (Fig. 
2A), whereas stereotypic behaviors of these mice were 
similar among the groups [dose: F(3,36) = 0.7, p = 
0.54] (Fig. 2B). There were no significant differences in 
the above indices between males and females [gender 
× dose: F(3,32) = 1.23, p = 0.31 for horizontal 
movements; gender × dose: F(3,32) = 0.27, p = 0.85 
for stereotypic movements], although stereotypic 
movements fundamentally differed between males and 
females [gender: F(3,32) = 1.23, p < 0.01]. 

Effects of Neonatal eNRG1-Treatment on Other 
Behavioral Traits 
 Using the mice treated with 1.0 and 0.3 μg/g doses 
of eNRG1, we further analyzed other behaviors of 
these animals in adulthood (PND56-70) such as fear 
learning ability, sensorimotor gating and social 
behavioral traits. The mice treated with the 1.0 μg/g 
dose of eNRG1 as neonates exhibited a marked 
reduction of PPI [eNRG1: F(1,49) = 61.3, p < 0.001, 
repeated ANOVA for 4 prepulses] (Table 2). There 
were no significant differences in eNRG1 effects 
between males and females [gender × eNRG1: F(1,47) 
= 2.26, p = 0.14]. These mice also showed a reduction 
in tone-dependent learning scores but did not alter 
context-dependent learning scores [F(1,39) = 0.004, p 
= 0.95 for context-dependent learning; F(1,39) = 23.8, 
p < 0.001 for tone-dependent learning, both repeated 
ANOVA for 5 bins]. There was no significant difference 
in shock sensitivity [F(1,39) = 0.005, p = 0.95] (Table 
2). There were no significant differences between 
males and females in eNRG1 effects on the above 
indices, either [gender × eNRG1; F(1,37) = 1.20, p = 
0.28 for conditioning: gender × eNRG1; F(1,37) = 0.41, 
p = 0.53 for context-dependent learning: gender × 
eNRG1: F(1,37) = 1.87, p = 0.18 for tone-dependent 
learning]. Similar behavioral alterations were observed 
when we administered the lower dose of eNRG1 (0.3 
μ/g) to mouse pups (Supplemental Fig. S1). This dose 
(0.3 μ/g) was approximately 40 pmol per gram body 
weight and equivalent to the molar dose of T1-NRG1 
that had been given to mouse pups in our previous 
study [15]. 
 To investigate the impact of neonatal eNRG1-
treatment on social behaviors in adulthood, we used a 
resident-intruder behavioral assay. In this assay, a 
group-housed male mouse (intruder) was placed in 
another home cage where a resident male mouse had 
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been housed alone until the test day (Table 2). eNRG1-
treated mice exhibited decreased sniffing duration 
compared with vehicle-treated controls (p < 0.05, 
unpaired t-test), whereas no significant difference 
between groups was found with sniffing counts or 
fighting counts (Table 2). The lower frequency of 
aggressive behaviors of the present mice can be 
ascribed to the mouse strain used in the present study 
(i.e., C57BL/6N) [27,28]. 

Effects of Neonatal eNRG1-Treatment on MK-801-
Driven-Locomotor Activity 
 Sensitivity to psychostimulants, such as NMDA 
receptor antagonists, have often been evaluated in 
animal models to assess their relevancy to a 
schizophrenia model. To test whether neonatal 
eNRG1-treatment (0.1, 0.3, and 1.0 μg/g) alters acute 
responsiveness to an NMDA receptor antagonist, MK-
801, in adulthood, mice were first acclimated to a novel 
environment to minimize the substantial difference of 
exploratory activity and/or motivation between groups. 
After one hour acclimation, mice were challenged with 
a 0.3 μg/g dose of MK-801 (Fig. 3). The given dose of 
MK-801 was the minimum dose that can induce 
hyperlocomotion in mice [29]. MK-801 markedly increa-
sed the locomotor activity of mice for approximately 2 h 
in both the eNRG1-treated and control groups [drug: 
F(1,36) = 29.7, p < 0.001]. However, the magnitude of  
 

MK-801-induced locomotor activity was significantly 
higher in the eNRG1-treated group than in the control 
group [eNRG1-treatment: F(1,36) = 5.2, p < 0.05; 
eNRG1 × drug: F(1,36) = 6.0, p < 0.05] (Fig. 3A). The 
sensitivity appeared to depend on the dose of eNRG1 
[eNRG1 dose: F(1,36) = 3.2, p < 0.05] (Fig. 3C). Thus, 
these results indicate that neonatal exposure to eNRG1 
enhances behavioral sensitivity to MK-801 in a dose-
dependent manner. However, there was no significant 
difference in MK-801-triggered stereotypic scores 
between eNRG1-treated and vehicle-treated control 
mice at any dose of eNRG1 [eNRG1 dose: F(3,36) = 
1.2, p = 0.34] (Fig. 3B, D). 

Effects of Neonatal eNRG1-Treatment on c-Fos-
Expression in the Brain 
 The NMDA antagonist MK-801 increases both 
dopamine and glutamate efflux primarily in the 
forebrain regions [30,31] and induces the gene expres-
sion of c-Fos through MK-801-evoked glutamatergic 
neurotransmission and subsequent MAP kinase/AP-1 
activation [22]. Employing c-Fos expression as a 
marker of neuronal activity, we examined the effects of 
neonatal eNRG1 treatment on MK-801-induced c-Fos 
expression and attempted to confirm the above 
observation; the higher sensitivity of eNRG1-treated 
mice to MK-801. We counted the number of c-Fos 
positive cells in the medial prefrontal cortex (mPFC), 
nucleus accumbens (NAc), piriform cortex, and  
 

Table 1. Summary of physical development. 
 

Dose � Vehicle � eNRG1�

Tooth Eruption (PND) 

0.1 μg/g 11.6 ± 0.2 10.4 ± 0.2*** 

0.3 μg/g 11.6 ± 0.2 10.2 ± 0.2*** 

1.0 μg/g 10.9 ± 0.2 9.4 ± 0.2*** 

Eyelid Opening (PND) 

0.1 μg/g 13.9 ± 0.1 11.5 ± 0.2*** 

0.3 μg/g 13.7 ± 0.2 10.8 ± 0.1*** 

1.0 μg/g 13.1 ± 0.2 10.5 ± 0.2*** 

Body Growth; P11 

0.1 μg/g 5.72 ± 0.13 5.52 ± 0.07 

0.3 μg/g 6.18 ± 0.20 5.62 ± 0.14* 

1.0 μg/g 6.05 ± 0.17 5.08 ± 0.22** 

Body Growth; P56 Male Female Male Female 

0.1 μg/g 24.2 ± 0.6 20.2 ± 0.3 23.8 ± 0.2 19.3 ± 0.3 

0.3 μg/g 24.2 ± 0.6 20.3 ± 0.4 21.4 ± 0.3** 18.4 ± 0.5* 

1.0 μg/g 19.4 ± 0.3 16.6 ± 0.3 17.6 ± 0.4** 14.3 ± 0.6** 
eNRG1 or vehicle was administered (s.c.) daily to neonatal mice during PND2-10. During and after treatment, we monitored eyelid opening, tooth eruption and body 
weight of all mice. Data are expressed as mean ± SEM (n = 10 per group). P-values, compared between eNRG1-treated and vehicle-treated groups by unpaired 
two-tailed t-test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Fig. (2). Baseline locomotor activity and stereotypic behavior 
in a novel environment. (A) Total locomotor activity and (B) 
stereotypic behavior counts of eNRG1 (0.1, 0.3 and 1.0 
µg/g)-treated and vehicle-treated control mice for 60 min  
(n = 10 mice per group). Data is expressed as mean ± SEM. 
*p < 0.05 compared with control mice by Tukey HSD. 

striatum. MK-801 challenge significantly increased the 
number of c-Fos-positive cells in these regions in both 
control and eNRG1-treated mice [drug: F(1,12) = 
384.1, p < 0.001 for mPFC; F(1,12) = 139, p < 0.001 
for NAc; F(1,12) = 69.6, p < 0.001 for piriform cortex]. 
In the mPFC and NAc, however, we found significant 
statistical interactions between MK-801 challenge and 
eNRG treatment [eNRG1 × drug: F(1,12) = 8.5, p < 
0.05 for mPFC, F(1,12) = 12.4, p < 0.01 for NAc]. The 
interactions indicate that MK-801-triggered increases in 
the number of c-Fos-positive cells were greater in 
eNRG1-treated mice than in control mice (Fig. 4A-H). 
In contrast, the number of c-Fos positive cells in the 
piriform cortex was indistinguishable in control and 
eNRG1-treated mice following MK-801 challenges 
[eNRG1-treatment: F(1,12) = 1.4, p = 0.27, eNRG1-
treatment × drug F(1,12) = 0.6, p = 0.45] (Fig. 4I). As 

compared between control and eNRG1-treated mice in 
the saline challenged-groups, however, there was a 
significant difference in the basal frequency of c-Fos- 
positive cells in the mPFC (p < 0.001). In the striatum, 
we found no detectable increase in c-Fos expression 
following MK-801 challenge [drug: F(1,12) = 0.1, p = 
0.79] (Fig. 4I). 
Table 2. Summary of behavioral traits. 
 

 Vehicle eNRG1�

Prepulse inhibition (% inhibition) 

73dB 20.5 ± 3.2 -2.5 ± 3.9*** 

76dB 38.5 ± 3.5 4.7 ± 4.8*** 

79dB 47.2 ± 3.3 3.7 ± 5.3*** 

82dB 57.6 ± 3.2 8.7 ± 4.9*** 

Learning (% freezing) 

Shock sensitivity 61.3 ± 3.4 60.0 ± 4.7�

Context-dependent 66.5 ± 1.5 65.7 ± 2.1 

Tone-dependent 66.0 ± 1.3 41.5 ± 3.2*** 

Resident-intruder test 

Sniffing Duration (sec) 178.3 ± 8.9 145.8 ± 8.1* 

Sniffing Counts (times) 9.7 ± 0.8 8.1 ± 0.7 

Aggression (frequency) 2.28 ± 0.14 3.61 ± 0.23 
Neonatal mice were treated with eNRG1 (1.0 μg/g) or vehicle (control) as 
described in the Materials and Methods. In adulthood, PPI levels (%) were 
measured with 73, 76, 79 and 82 dB prepulse stimuli (n = 25-26 mice per 
group) and a main pulse of 120 dB. eNRG1-treated and vehicle-treated mice 
were also subjected to context-tone-foot shock pairs to evaluate their fear 
learning. Mean freezing rates (%) were measured for 150 sec (30 sec/ bin) 
during conditioning or during the same context exposure and during tone 
exposure in the test paradigm (n = 20-21 mice per group). In the resident-
intruder assay, we measured the total time duration of sniffing behaviors and 
frequency of sniffing and fighting behaviors of the resident males over a 10-min 
period (n = 18 mice per group). Data are expressed as mean ± SEM. *p < 0.05, 
*** p < 0.001 by Tukey HSD or Student’s t-test. 

 

NMDA Receptor-Like Immunoreactivity in eNRG1-
Treated Mice 
 Alterations in brain expression of NMDA receptors 
are often implicated in the behavioral sensitivity to the 
NMDA receptor blockers MK-801, phencyclidine, and 
ketamine [24,32]. We aimed to elucidate the molecular 
phenotypes underlying the hypersensitivity of eNRG1 
(1.0 μg/g eNRG1)-treated mice to MK-801. Using 
Western blot techniques, we estimated protein levels 
for NMDA receptor subunits (GluN1, GluN2A-2D) and 
AMPA receptor subunits (GluA1-A4) in the frontal 
cortex, hippocampus, and striatum plus NAc (Fig. 5A). 
In addition to these receptors, we also examined 
molecular markers for GABAergic and dopaminergic 
neurons. Among the receptors examined, there were 
significant decreases in hippocampal levels of GluN2C-
like immunoreactivity and frontal cortex levels of 
GluN2D-like immunoreactivity in eNRG1-treated mice 
compared with those of control mice (Fig. 5B). In 
addition, there was a decrease in GAD67-like 
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immunoreactivity in eNRG1-treated mice. As we 
performed multiple comparisons here, we attempted to 
compensate the statistics with a Bonferroni’s method. 
However, the differences in GluN2C-like and GluN2D-
like immunoreactivites still remained to be significant. 
There were no significant differences in other receptors 
and other GABAergic/dopaminergic markers between 
groups after compensation. 

Distinct Sensitivity of eNRG1-Treated and T1-
NRG1-Treated Mice to MK-801 But Not to 
Methamphetamine 
 Recently, we reported that neonatal exposure to full 
length T1-NRG1 results in behavioral impairments and 
hypersensitivity to methamphetamine in mice [15]. To 
compare the in vivo effects of eNRG1 and T1-NRG1, 

 
Fig. (3). Hyper-locomotor activity and stereotypic behavior induced by MK-801. (A, C) Horizontal locomotor activity and (B, D) 
stereotypic behavior of eNRG1 (0.1, 0.3 and 1.0 µg/g)-treated and vehicle-treated control mice were monitored before and after 
MK-801 (0.3 µg/g, i.p.) or saline challenge every 10 min. Prior to MK-801 challenge, mice were acclimated to a test chamber to 
minimize their exploratory movement. Total locomotor activity and stereotypic counts of eNRG1-treated and vehicle-treated 
control mice were calculated and presented (n = 10 mice per group). Data is expressed as mean ± SEM. Arrows mark the 
timing of MK-801 challenge. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with vehicle-treated control mice challenged by 
MK-801 and #p < 0.05 compared between marked groups by Tukey HSD. Note; There was a significant main effect of eNRG1 
treatment on total locomotor activity during the acclimination period of the four groups of mice; F(1, 36) = 19.3, ###p < 0.001 for 
eNRG1, F(1,36) = 0.46, p = 0.503 for MK-801, F(1,36) = 1.46, p = 0.234 for eNRG1 x MK-801. 
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Fig. (2). Baseline locomotor activity and stereotypic behavior 
in a novel environment. (A) Total locomotor activity and (B) 
stereotypic behavior counts of eNRG1 (0.1, 0.3 and 1.0 
µg/g)-treated and vehicle-treated control mice for 60 min  
(n = 10 mice per group). Data is expressed as mean ± SEM. 
*p < 0.05 compared with control mice by Tukey HSD. 

striatum. MK-801 challenge significantly increased the 
number of c-Fos-positive cells in these regions in both 
control and eNRG1-treated mice [drug: F(1,12) = 
384.1, p < 0.001 for mPFC; F(1,12) = 139, p < 0.001 
for NAc; F(1,12) = 69.6, p < 0.001 for piriform cortex]. 
In the mPFC and NAc, however, we found significant 
statistical interactions between MK-801 challenge and 
eNRG treatment [eNRG1 × drug: F(1,12) = 8.5, p < 
0.05 for mPFC, F(1,12) = 12.4, p < 0.01 for NAc]. The 
interactions indicate that MK-801-triggered increases in 
the number of c-Fos-positive cells were greater in 
eNRG1-treated mice than in control mice (Fig. 4A-H). 
In contrast, the number of c-Fos positive cells in the 
piriform cortex was indistinguishable in control and 
eNRG1-treated mice following MK-801 challenges 
[eNRG1-treatment: F(1,12) = 1.4, p = 0.27, eNRG1-
treatment × drug F(1,12) = 0.6, p = 0.45] (Fig. 4I). As 

compared between control and eNRG1-treated mice in 
the saline challenged-groups, however, there was a 
significant difference in the basal frequency of c-Fos- 
positive cells in the mPFC (p < 0.001). In the striatum, 
we found no detectable increase in c-Fos expression 
following MK-801 challenge [drug: F(1,12) = 0.1, p = 
0.79] (Fig. 4I). 
Table 2. Summary of behavioral traits. 
 

 Vehicle eNRG1�

Prepulse inhibition (% inhibition) 

73dB 20.5 ± 3.2 -2.5 ± 3.9*** 

76dB 38.5 ± 3.5 4.7 ± 4.8*** 

79dB 47.2 ± 3.3 3.7 ± 5.3*** 

82dB 57.6 ± 3.2 8.7 ± 4.9*** 

Learning (% freezing) 

Shock sensitivity 61.3 ± 3.4 60.0 ± 4.7�

Context-dependent 66.5 ± 1.5 65.7 ± 2.1 

Tone-dependent 66.0 ± 1.3 41.5 ± 3.2*** 

Resident-intruder test 

Sniffing Duration (sec) 178.3 ± 8.9 145.8 ± 8.1* 

Sniffing Counts (times) 9.7 ± 0.8 8.1 ± 0.7 

Aggression (frequency) 2.28 ± 0.14 3.61 ± 0.23 
Neonatal mice were treated with eNRG1 (1.0 μg/g) or vehicle (control) as 
described in the Materials and Methods. In adulthood, PPI levels (%) were 
measured with 73, 76, 79 and 82 dB prepulse stimuli (n = 25-26 mice per 
group) and a main pulse of 120 dB. eNRG1-treated and vehicle-treated mice 
were also subjected to context-tone-foot shock pairs to evaluate their fear 
learning. Mean freezing rates (%) were measured for 150 sec (30 sec/ bin) 
during conditioning or during the same context exposure and during tone 
exposure in the test paradigm (n = 20-21 mice per group). In the resident-
intruder assay, we measured the total time duration of sniffing behaviors and 
frequency of sniffing and fighting behaviors of the resident males over a 10-min 
period (n = 18 mice per group). Data are expressed as mean ± SEM. *p < 0.05, 
*** p < 0.001 by Tukey HSD or Student’s t-test. 

 

NMDA Receptor-Like Immunoreactivity in eNRG1-
Treated Mice 
 Alterations in brain expression of NMDA receptors 
are often implicated in the behavioral sensitivity to the 
NMDA receptor blockers MK-801, phencyclidine, and 
ketamine [24,32]. We aimed to elucidate the molecular 
phenotypes underlying the hypersensitivity of eNRG1 
(1.0 μg/g eNRG1)-treated mice to MK-801. Using 
Western blot techniques, we estimated protein levels 
for NMDA receptor subunits (GluN1, GluN2A-2D) and 
AMPA receptor subunits (GluA1-A4) in the frontal 
cortex, hippocampus, and striatum plus NAc (Fig. 5A). 
In addition to these receptors, we also examined 
molecular markers for GABAergic and dopaminergic 
neurons. Among the receptors examined, there were 
significant decreases in hippocampal levels of GluN2C-
like immunoreactivity and frontal cortex levels of 
GluN2D-like immunoreactivity in eNRG1-treated mice 
compared with those of control mice (Fig. 5B). In 
addition, there was a decrease in GAD67-like 
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immunoreactivity in eNRG1-treated mice. As we 
performed multiple comparisons here, we attempted to 
compensate the statistics with a Bonferroni’s method. 
However, the differences in GluN2C-like and GluN2D-
like immunoreactivites still remained to be significant. 
There were no significant differences in other receptors 
and other GABAergic/dopaminergic markers between 
groups after compensation. 

Distinct Sensitivity of eNRG1-Treated and T1-
NRG1-Treated Mice to MK-801 But Not to 
Methamphetamine 
 Recently, we reported that neonatal exposure to full 
length T1-NRG1 results in behavioral impairments and 
hypersensitivity to methamphetamine in mice [15]. To 
compare the in vivo effects of eNRG1 and T1-NRG1, 

 
Fig. (3). Hyper-locomotor activity and stereotypic behavior induced by MK-801. (A, C) Horizontal locomotor activity and (B, D) 
stereotypic behavior of eNRG1 (0.1, 0.3 and 1.0 µg/g)-treated and vehicle-treated control mice were monitored before and after 
MK-801 (0.3 µg/g, i.p.) or saline challenge every 10 min. Prior to MK-801 challenge, mice were acclimated to a test chamber to 
minimize their exploratory movement. Total locomotor activity and stereotypic counts of eNRG1-treated and vehicle-treated 
control mice were calculated and presented (n = 10 mice per group). Data is expressed as mean ± SEM. Arrows mark the 
timing of MK-801 challenge. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with vehicle-treated control mice challenged by 
MK-801 and #p < 0.05 compared between marked groups by Tukey HSD. Note; There was a significant main effect of eNRG1 
treatment on total locomotor activity during the acclimination period of the four groups of mice; F(1, 36) = 19.3, ###p < 0.001 for 
eNRG1, F(1,36) = 0.46, p = 0.503 for MK-801, F(1,36) = 1.46, p = 0.234 for eNRG1 x MK-801. 
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we measured the sensitivity of T1-NRG1-treated and 
eNRG1-treated mice to the NMDA receptor antagonist 
and methamphetamine (Figs. 6, 7). We prepared both 
types of mouse models by daily administering the same 
molar dose of T1-NRG1 (1.0 μg/g body weight) and 
eNRG1 (0.3 μg/g body weight) to mouse pups, allowed 

them to reach 2 months of age, and challenged with 
MK-801 or saline. This dose was approximately 40 
pmol per gram body weight and equivalent to the molar 
dose of T1-NRG1 that had been given to mouse pups 
in our previous study [15]. 
 
 

 
Fig. (4). Neonatal exposure to eNRG1 enhances c-Fos expression following MK-801-challenge. In adulthood, vehicle-treated 
mice (A, C, E, G) and eNRG1-treated mice (B, D, F, H) were subjected to c-Fos immunohistochemistry 2 h after saline (A, B, E, 
F) or MK-801 (C, D, G, H) challenge. Representative pictures of mPFC (prelimbic cortex; A - D) and NAc (E - H) are shown. 
Scale bar, 100 μm. (I) The number of c-Fos-positive cells in the microscopic field (725 × 965 μm) was counted bilaterally using 
five to seven sections of mPFC (+1.70 ~ +1.98 mm from Bregma), NAc, and striatum (+1.18 ~ +1.54 mm from Bregma), piriform 
cortex (+1.18 ~ +1.98 mm from Bregma), averaged for each mouse, and subjected to statistical analysis (n = 4 mice per group). 
Values are expressed as mean ± SEM. *p < 0.05, ***p < 0.001 compared between marked groups. ###p < 0.001 compared with 
saline-challenged groups by Scheffe's test. 

mPFC NAc

Control eNRG1 Control eNRG1

Sa
lin

e

A B E F

ac ac

C D G H

ac
acM

K
-8

01

300

400

c-
fo

s 
s

###

###

Control + saline
eNRG1 (1.0 �g/g) + saline
Control + MK 801

I ***

***

100

200

300

Th
e 

nu
m

be
r o

f c
po

si
tiv

e 
ce

lls

###

###

###

######

Control + MK-801
eNRG1 (1.0 �g/g) + MK-801

*

mPFC
0

T

NAc Piriform 
cortex

Striatum

230    Current Molecular Medicine,  2015, Vol. 15, No. 3 Kato et al. 

 
Fig. (5). Influences of neonatal eNRG1 treatment on the immunoreactivity of glutamate receptors, GABAergic and dopaminergic 
markers. Protein extracts were prepared from the frontal cortex, hippocampus, and striatum puls NAc of vehicle-treated and 
eNRG1 (1.0 μg/g)-treated mice (n = 4-5 mice per group) at the adult stage (PND70-80) and subjected to immunoblotting with 
the antibodies directed against NMDA receptors (GluN1, GluN2A, GluN2B, GluN2C, GluN2D), AMPA receptors (GluA1, 
GluA2/3 and GluA4), GABAergic markers (glutamic acid decarboxylase; GAD65/67 and parvalbumin), a dopaminergic marker 
(TH; tyrosine hydroxylase), and a loading control (β-actin). (A) Typical signals of two samples in each brain region are 
displayed. (B) The intensity of the immunoreactivity appearing at the authentic size(s) was measured by densitometoric analysis 
and subjected to an unpaired two-tailed t-test. *p < 0.05, **p < 0.01 without Bonferroni’s compensation. #) The number of 
samples was increased to 9 or 10 when the values of SEM from 4-5 mice had been larger than 20%; GluN1, GluN2B, GluA1, 
GluA4, and β-actin. Relative levels of the markers in eNRG1-treated mice are presented (% of control; mean ± SEM; n = 4-5 or 
n = 9-10 for #). 
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we measured the sensitivity of T1-NRG1-treated and 
eNRG1-treated mice to the NMDA receptor antagonist 
and methamphetamine (Figs. 6, 7). We prepared both 
types of mouse models by daily administering the same 
molar dose of T1-NRG1 (1.0 μg/g body weight) and 
eNRG1 (0.3 μg/g body weight) to mouse pups, allowed 

them to reach 2 months of age, and challenged with 
MK-801 or saline. This dose was approximately 40 
pmol per gram body weight and equivalent to the molar 
dose of T1-NRG1 that had been given to mouse pups 
in our previous study [15]. 
 
 

 
Fig. (4). Neonatal exposure to eNRG1 enhances c-Fos expression following MK-801-challenge. In adulthood, vehicle-treated 
mice (A, C, E, G) and eNRG1-treated mice (B, D, F, H) were subjected to c-Fos immunohistochemistry 2 h after saline (A, B, E, 
F) or MK-801 (C, D, G, H) challenge. Representative pictures of mPFC (prelimbic cortex; A - D) and NAc (E - H) are shown. 
Scale bar, 100 μm. (I) The number of c-Fos-positive cells in the microscopic field (725 × 965 μm) was counted bilaterally using 
five to seven sections of mPFC (+1.70 ~ +1.98 mm from Bregma), NAc, and striatum (+1.18 ~ +1.54 mm from Bregma), piriform 
cortex (+1.18 ~ +1.98 mm from Bregma), averaged for each mouse, and subjected to statistical analysis (n = 4 mice per group). 
Values are expressed as mean ± SEM. *p < 0.05, ***p < 0.001 compared between marked groups. ###p < 0.001 compared with 
saline-challenged groups by Scheffe's test. 
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Fig. (5). Influences of neonatal eNRG1 treatment on the immunoreactivity of glutamate receptors, GABAergic and dopaminergic 
markers. Protein extracts were prepared from the frontal cortex, hippocampus, and striatum puls NAc of vehicle-treated and 
eNRG1 (1.0 μg/g)-treated mice (n = 4-5 mice per group) at the adult stage (PND70-80) and subjected to immunoblotting with 
the antibodies directed against NMDA receptors (GluN1, GluN2A, GluN2B, GluN2C, GluN2D), AMPA receptors (GluA1, 
GluA2/3 and GluA4), GABAergic markers (glutamic acid decarboxylase; GAD65/67 and parvalbumin), a dopaminergic marker 
(TH; tyrosine hydroxylase), and a loading control (β-actin). (A) Typical signals of two samples in each brain region are 
displayed. (B) The intensity of the immunoreactivity appearing at the authentic size(s) was measured by densitometoric analysis 
and subjected to an unpaired two-tailed t-test. *p < 0.05, **p < 0.01 without Bonferroni’s compensation. #) The number of 
samples was increased to 9 or 10 when the values of SEM from 4-5 mice had been larger than 20%; GluN1, GluN2B, GluA1, 
GluA4, and β-actin. Relative levels of the markers in eNRG1-treated mice are presented (% of control; mean ± SEM; n = 4-5 or 
n = 9-10 for #). 
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Fig. (6). Difference of eNRG1-treated and T1-NRG1-treated 
mice in MK-801-driven locomotor activity and stereotypic 
behaviors. eNRG1 (0.3 µg/g)-treated, T1-NRG1 (1.0 µg/g)-
treated and vehicle-treated mice (control) as neonates were 
challenged with MK-801 (0.3 µg/g; black boxes) or saline 
(white boxes) and their horizontal locomotor activity (A) and 
stereotypic behavior (B) were compared. Total horizontal 
activity and stereotypic score of mice were measured for the 
120 min period after challenge and presented with the scales 
of cm/120 min and counts/120 min, respectively (n = 10 - 23 
mice per group). Data is expressed as mean ± SEM. **p < 
0.01, compared between control and eNRG1-treated mice 
challenged with MK-801 and #p < 0.05 compared between 
eNRG1-treated mice challenged with MK-801 and T1-NRG1-
treated mice challenged with MK-801 by Tukey HSD. 

 An initial 2-way ANOVA on horizontal locomotor 
activity, using the subject factors of NRG1 isoform and 
MK-801, revealed a main effect of MK-801 [F(1,74) = 
23.57, p < 0.001] and a significant interaction between 
NRG1 isoform and MK-801 [F(2,74) = 5.17, p < 0.01]. 
We then stratified on MK-801 treatment (MK-801-
challenged and saline-challenged groups; Fig. 6A). In 
the saline-challenged control groups, there was no  
 

 
Fig. (7). Similar enhancement of eNRG1-treated and T1-
NRG1-treated mice in methamphetamine-driven locomotor 
activity and stereotypic behaviors. eNRG1 (0.3 µg/g)-treated, 
T1-NRG1 (1.0 µg/g)-treated and vehicle-treated mice 
(control) as neonates were challenged with 
methamphetamine (MAP; 1.0 μg/g black boxes) or saline 
(white boxes) and their horizontal locomotor activity (A) and 
stereotypic behavior (B) were compared. Data is expressed 
as mean ± SEM. *p < 0.05, **p < 0.01 between control and 
eNRG1-treated or T1-NRG1 treated mice challenged with 
MAP by Tukey HSD. 

difference in basal locomotor activity among T1-NRG1-
treated, eNRG1-treated and control mice [NRG1 
isoform : F(2,37) = 0.70, p = 0.50]. A one-way ANOVA 
for the MK-801-challenged group revealed a significant 
effect of isoform [F(2,37) = 4.80, p < 0.05]. Post-hoc 
analyses suggest that MK-801-driven horizontal 
locomotor activity of T1-NRG1-treated mice was 
indistinguishable from that of control mice receiving  
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MK-801 whereas eNRG1-treated mice displayed a 
larger locomotor response to MK-801 than control 
mice. A two-way ANOVA for stereotypic movement 
revealed no significant effect of NRG1 isoform or no 
interaction between NRG1 isoform and MK-801 [NRG1 
isoform: F(2,74) = 0.15, p = 0.86; NRG1 isoform × MK-
801: F(2,74) = 0.99, p = 0.37] (Fig. 6B). The results 
from the horizontal activity test revealed a significant 
difference in behavioral sensitivity to the NMDA 
receptor antagonist between T1-NRG1-treated and 
eNRG1-treated mice. 
 We also compared the magnitude of methamphet-
amine effects on locomotor activity. An initial 2-way 
ANOVA on horizontal movement, with between subject 
factors of NRG1 isoform and methamphetamine, 
revealed a main effect of methamphetamine [F(1,92) = 
60.2, p < 0.001] and an interaction between NRG1 
isoform and methamphetamine [F(2,92) = 5.19, p < 
0.01]. We then stratified on methamphetamine 
treatment (methamphetamine-challenged and saline-
challenged groups; Fig. 7A). In the saline-challenged 
groups, there were no significant differences among 
eNRG1-treated, T1-NRG1-treated, and control groups 
[F(2,46) = 0.60, p = 0.56]. A one-way ANOVA for the 
methamphetamine-challenged groups revealed a 
significant effect of NRG1 isoform [F(2,46) = 5.68, p < 
0.01]. Post-hoc analyses detected a significant 
difference between eNRG1-treated and control groups 
and between T1-NRG1-treated and control groups, but 
not between eNRG1-treated and T1-NRG1-treated 
groups. These results suggest that neonatal treatments 
with eNRG1 and T1-NRG1 similarly enhance 
methamphetamine-induced horizontal locomotion. We 
analyzed the effects of NRG1 isoform on stereotypic 
movements in a similar manner (Fig. 7B). There was a 
main effect of methamphetamine [F(1,92) = 101, p < 
0.001] and an interaction between NRG1 isoform and 
methamphetamine [F(2,92) = 4.74, p < 0.05]. Thus, we 
stratified on methamphetamine treatment. In the saline-
challenged groups, there were no significant 
differences among groups [F(2,46) = 0.0064, p = 0.99]. 
In the methamphetamine-challenged groups, however, 
there was a significant effect of NRG1 isoform [F(2,46) 
= 5.19, p < 0.01]. Post-hoc tests detected a significant 
difference between eNRG1-treated and control groups 
and between T1-NRG1-treated and control groups, but 
not between eNRG1-treated and T1-NRG1-treated 
groups. These analyses suggest that neonatal treat-
ments with eNRG1 and T1-NRG1 similarly enhance 
methamphetamine-triggered stereotypic movements. 

Auditory Perception of eNRG1-Treated Mice 
 NRG1 signaling is involved in the survival of 
cochlear sensory neurons; thus, we tested sound 
startle responses of the mice treated with eNRG1 (0.3 
and 1.0 μg/g) to increasing noises and also measured 
the auditory stimulus thresholds in different tone 
frequencies. In the sound startle response test, the 
lower dose of eNRG1-treated mice exhibited a marked 
increase in startle responses to 110-dB and 120-dB 
tones, compared with control mice [eNRG1 × pulse:  
 

F(6,114) = 30.6, p < 0.001] (Fig. 8A). Conversely, the 
eNRG1-treated mice exhibited marked increases in the 
auditory stimulus thresholds at all stimulus frequencies 
at the ABR test [eNRG1 × stimulus frequencies: 
F(5,90) = 11.2, p < 0.001] (Fig. 8B). The mice treated 
with the higher dose of eNRG1 (1.0 μg/g) similarly 
exhibited the increases in startle responses and the 
auditory stimulus thresholds [eNRG1 × pulse: F(6,114) 
= 21.4, p < 0.001 for startle responses; eNRG1 × 
stimulus frequencies: F(5,90) = 13.4, p < 0.001 for 
auditory stimulus thresholds] (Fig. 8A, B). The results 
from the ABR test suggest deterioration in hearing of 
eNRG1-trearted mice. We speculate that, in the sound 
startle response test, the saturated levels of tone 
stimuli appear to produce higher startle responses in 
burst-noise-naïve eNRG1-treated mice with 
deterioration in hearing. 

DISCUSSION 
 In our preceding study, mice pups were treated with 
T1-NRG1 and their behavioral consequences were 
analyzed with respect to the relevancy to an animal 
model for schizophrenia [15]. The T1-NRG1-treated 
animals exhibit various behavioral abnormalities in PPI 
and social traits but their gross learning performance 
and hearing ability are normal [15]. In addition to the 
isoform of T1-NRG1, here mouse pups were 
challenged with eNRG1, the core domain peptide that 
is produced by the neuropsin-dependent processing of 
T1-NRG1 [7]. In agreement with the preceding results 
from T1-NRG1-treated mice, transient exposure of 
eNRG1 during the neonatal stage similarly altered adult 
behavioral traits in PPI and resident-intruder test. Even 
though the mice were treated with the same molar 
dose of NRG1, eNRG1-treated mice exhibited 
additional behavioral deficits in tone-dependent fear 
learning, sound-startle responses and sensitivity to the 
NMDA receptor antagonist MK-801. 
 We also found that eNRG1-treated mice have a 
hearing disability. This finding is consistent with the 
previous report that ErbB4 signals regulate the 
development of hair follicles in the inner ear and that 
the manipulation of NRG1 signals indeed impair 
hearing in mice [33,34]. In this context, we can suggest 
that the deficits in prepulse inhibition, sound-startle 
responses, and tone-dependent learning of eNRG1-
treated mice are, in part, due to the deterioration in 
hearing. 
 The decrease of 1.0 μg/g eNRG1-treated mice in 
exploratory movement is also noteworthy. In contrast to 
the basal locomotor reduction, these mice rather 
exhibited the higher locomotor responses following MK-
801 challenge. Although the lower basal movement 
might reflect the elevation of their anxiety levels, we do 
not rule out the possibility that these behavioral 
features of eNRG1-treated mice might be indirectly 
influenced by their deterioration in hearing as well. 
 In the present study, we additionally prepared the 
animal treated with the full soluble type 1 isoform of T1-
NRG1 at the same molar dose of eNRG1 and  
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Fig. (6). Difference of eNRG1-treated and T1-NRG1-treated 
mice in MK-801-driven locomotor activity and stereotypic 
behaviors. eNRG1 (0.3 µg/g)-treated, T1-NRG1 (1.0 µg/g)-
treated and vehicle-treated mice (control) as neonates were 
challenged with MK-801 (0.3 µg/g; black boxes) or saline 
(white boxes) and their horizontal locomotor activity (A) and 
stereotypic behavior (B) were compared. Total horizontal 
activity and stereotypic score of mice were measured for the 
120 min period after challenge and presented with the scales 
of cm/120 min and counts/120 min, respectively (n = 10 - 23 
mice per group). Data is expressed as mean ± SEM. **p < 
0.01, compared between control and eNRG1-treated mice 
challenged with MK-801 and #p < 0.05 compared between 
eNRG1-treated mice challenged with MK-801 and T1-NRG1-
treated mice challenged with MK-801 by Tukey HSD. 

 An initial 2-way ANOVA on horizontal locomotor 
activity, using the subject factors of NRG1 isoform and 
MK-801, revealed a main effect of MK-801 [F(1,74) = 
23.57, p < 0.001] and a significant interaction between 
NRG1 isoform and MK-801 [F(2,74) = 5.17, p < 0.01]. 
We then stratified on MK-801 treatment (MK-801-
challenged and saline-challenged groups; Fig. 6A). In 
the saline-challenged control groups, there was no  
 

 
Fig. (7). Similar enhancement of eNRG1-treated and T1-
NRG1-treated mice in methamphetamine-driven locomotor 
activity and stereotypic behaviors. eNRG1 (0.3 µg/g)-treated, 
T1-NRG1 (1.0 µg/g)-treated and vehicle-treated mice 
(control) as neonates were challenged with 
methamphetamine (MAP; 1.0 μg/g black boxes) or saline 
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stereotypic behavior (B) were compared. Data is expressed 
as mean ± SEM. *p < 0.05, **p < 0.01 between control and 
eNRG1-treated or T1-NRG1 treated mice challenged with 
MAP by Tukey HSD. 

difference in basal locomotor activity among T1-NRG1-
treated, eNRG1-treated and control mice [NRG1 
isoform : F(2,37) = 0.70, p = 0.50]. A one-way ANOVA 
for the MK-801-challenged group revealed a significant 
effect of isoform [F(2,37) = 4.80, p < 0.05]. Post-hoc 
analyses suggest that MK-801-driven horizontal 
locomotor activity of T1-NRG1-treated mice was 
indistinguishable from that of control mice receiving  
 

H
or

iz
on

ta
l l

oc
om

ot
or

 a
ct

iv
ity

  
(c

m
/1

20
 m

in
)  

10000 

20000 

30000 

50000 

40000 

0 

# 

0 

10000 

20000 

30000 

40000 

St
er

eo
ty

pi
c 

co
un

ts
  

(c
ou

nt
s/

12
0 

m
in

)  

A 

B 

** 

Control eNRG1 T1 NRG1 

Saline group 
MK-801 group 

Control eNRG1 T1 NRG1 

H
or

iz
on

ta
l l

oc
om

ot
or

 a
ct

iv
ity

  
(c

m
/1

20
 m

in
)  

10000 

20000 

30000 

50000 

40000 

0 

60000 

10000 

20000 

30000 

50000 

40000 

0 

60000 

70000 

St
er

eo
ty

pi
c 

co
un

ts
  

(c
ou

nt
s/

12
0 

m
in

)  

A 

B 

** * 

*** 
* 

Saline group 
MAP group 

Control eNRG1 T1 NRG1 

Control eNRG1 T1 NRG1 

232    Current Molecular Medicine,  2015, Vol. 15, No. 3 Kato et al. 

MK-801 whereas eNRG1-treated mice displayed a 
larger locomotor response to MK-801 than control 
mice. A two-way ANOVA for stereotypic movement 
revealed no significant effect of NRG1 isoform or no 
interaction between NRG1 isoform and MK-801 [NRG1 
isoform: F(2,74) = 0.15, p = 0.86; NRG1 isoform × MK-
801: F(2,74) = 0.99, p = 0.37] (Fig. 6B). The results 
from the horizontal activity test revealed a significant 
difference in behavioral sensitivity to the NMDA 
receptor antagonist between T1-NRG1-treated and 
eNRG1-treated mice. 
 We also compared the magnitude of methamphet-
amine effects on locomotor activity. An initial 2-way 
ANOVA on horizontal movement, with between subject 
factors of NRG1 isoform and methamphetamine, 
revealed a main effect of methamphetamine [F(1,92) = 
60.2, p < 0.001] and an interaction between NRG1 
isoform and methamphetamine [F(2,92) = 5.19, p < 
0.01]. We then stratified on methamphetamine 
treatment (methamphetamine-challenged and saline-
challenged groups; Fig. 7A). In the saline-challenged 
groups, there were no significant differences among 
eNRG1-treated, T1-NRG1-treated, and control groups 
[F(2,46) = 0.60, p = 0.56]. A one-way ANOVA for the 
methamphetamine-challenged groups revealed a 
significant effect of NRG1 isoform [F(2,46) = 5.68, p < 
0.01]. Post-hoc analyses detected a significant 
difference between eNRG1-treated and control groups 
and between T1-NRG1-treated and control groups, but 
not between eNRG1-treated and T1-NRG1-treated 
groups. These results suggest that neonatal treatments 
with eNRG1 and T1-NRG1 similarly enhance 
methamphetamine-induced horizontal locomotion. We 
analyzed the effects of NRG1 isoform on stereotypic 
movements in a similar manner (Fig. 7B). There was a 
main effect of methamphetamine [F(1,92) = 101, p < 
0.001] and an interaction between NRG1 isoform and 
methamphetamine [F(2,92) = 4.74, p < 0.05]. Thus, we 
stratified on methamphetamine treatment. In the saline-
challenged groups, there were no significant 
differences among groups [F(2,46) = 0.0064, p = 0.99]. 
In the methamphetamine-challenged groups, however, 
there was a significant effect of NRG1 isoform [F(2,46) 
= 5.19, p < 0.01]. Post-hoc tests detected a significant 
difference between eNRG1-treated and control groups 
and between T1-NRG1-treated and control groups, but 
not between eNRG1-treated and T1-NRG1-treated 
groups. These analyses suggest that neonatal treat-
ments with eNRG1 and T1-NRG1 similarly enhance 
methamphetamine-triggered stereotypic movements. 

Auditory Perception of eNRG1-Treated Mice 
 NRG1 signaling is involved in the survival of 
cochlear sensory neurons; thus, we tested sound 
startle responses of the mice treated with eNRG1 (0.3 
and 1.0 μg/g) to increasing noises and also measured 
the auditory stimulus thresholds in different tone 
frequencies. In the sound startle response test, the 
lower dose of eNRG1-treated mice exhibited a marked 
increase in startle responses to 110-dB and 120-dB 
tones, compared with control mice [eNRG1 × pulse:  
 

F(6,114) = 30.6, p < 0.001] (Fig. 8A). Conversely, the 
eNRG1-treated mice exhibited marked increases in the 
auditory stimulus thresholds at all stimulus frequencies 
at the ABR test [eNRG1 × stimulus frequencies: 
F(5,90) = 11.2, p < 0.001] (Fig. 8B). The mice treated 
with the higher dose of eNRG1 (1.0 μg/g) similarly 
exhibited the increases in startle responses and the 
auditory stimulus thresholds [eNRG1 × pulse: F(6,114) 
= 21.4, p < 0.001 for startle responses; eNRG1 × 
stimulus frequencies: F(5,90) = 13.4, p < 0.001 for 
auditory stimulus thresholds] (Fig. 8A, B). The results 
from the ABR test suggest deterioration in hearing of 
eNRG1-trearted mice. We speculate that, in the sound 
startle response test, the saturated levels of tone 
stimuli appear to produce higher startle responses in 
burst-noise-naïve eNRG1-treated mice with 
deterioration in hearing. 

DISCUSSION 
 In our preceding study, mice pups were treated with 
T1-NRG1 and their behavioral consequences were 
analyzed with respect to the relevancy to an animal 
model for schizophrenia [15]. The T1-NRG1-treated 
animals exhibit various behavioral abnormalities in PPI 
and social traits but their gross learning performance 
and hearing ability are normal [15]. In addition to the 
isoform of T1-NRG1, here mouse pups were 
challenged with eNRG1, the core domain peptide that 
is produced by the neuropsin-dependent processing of 
T1-NRG1 [7]. In agreement with the preceding results 
from T1-NRG1-treated mice, transient exposure of 
eNRG1 during the neonatal stage similarly altered adult 
behavioral traits in PPI and resident-intruder test. Even 
though the mice were treated with the same molar 
dose of NRG1, eNRG1-treated mice exhibited 
additional behavioral deficits in tone-dependent fear 
learning, sound-startle responses and sensitivity to the 
NMDA receptor antagonist MK-801. 
 We also found that eNRG1-treated mice have a 
hearing disability. This finding is consistent with the 
previous report that ErbB4 signals regulate the 
development of hair follicles in the inner ear and that 
the manipulation of NRG1 signals indeed impair 
hearing in mice [33,34]. In this context, we can suggest 
that the deficits in prepulse inhibition, sound-startle 
responses, and tone-dependent learning of eNRG1-
treated mice are, in part, due to the deterioration in 
hearing. 
 The decrease of 1.0 μg/g eNRG1-treated mice in 
exploratory movement is also noteworthy. In contrast to 
the basal locomotor reduction, these mice rather 
exhibited the higher locomotor responses following MK-
801 challenge. Although the lower basal movement 
might reflect the elevation of their anxiety levels, we do 
not rule out the possibility that these behavioral 
features of eNRG1-treated mice might be indirectly 
influenced by their deterioration in hearing as well. 
 In the present study, we additionally prepared the 
animal treated with the full soluble type 1 isoform of T1-
NRG1 at the same molar dose of eNRG1 and  
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compared the sensitivities of eNRG1-treated and T1-
NRG1-treated mice to two psychotomimetics, MK-801 
and methamphetamine. The MK-801-driven locomotor 
enhancement was larger in mice treated with eNRG1 
as neonates, compared with T1-NRG1-treated mice, 
even though the given molar concentration of T1-NRG1 
was nearly equal to the dose of eNRG1. The 
hypersensitivity of the eNRG1-treated mice to MK-801 
was also apparent in the magnitude of c-Fos induction 
in the brain. Following MK-801 challenge, eNRG1-
treated mice contained a higher number of c-Fos-
positive cells in the mPFC as well as in the NAc than 
control mice receiving MK-801. Both brain regions are 

implicated as target regions of MK-801 [35]. In contrast 
to the responses to MK-801, there were no significant 
difference in methamphetamine-triggered locomotor 
enhancement between T1-NRG1-treated and eNRG1-
treated mice. The behavioral difference of T1-NRG1-
treated and eNRG1-treated mice might reflect 
qualitative differences in in vivo activities of eNRG1 
and T1-NRG1. Alternatively, the quantitative difference 
in the efficacy of blood-brain barrier permeability or in 
metabolic rates in the brain might underly the 
behavioral difference between these NRG1 variants. 
However, the magnitude and peak time of ErbB4 
phosphoryration appeared to be similar between 

 
Fig. (8). Auditory responses of eNRG1-treated mice as adults. (A) Relative amplitudes of startle responses of eNRG1 (left; 0.3 
µg/g and right; 1.0 µg/g)-treated and vehicle-treated mice (control) were monitored with 90 − 120 dB tones (n = 10 mice per 
group). Data is expressed as mean ± SEM. *** p < 0.001 compared between groups. ## p < 0.01 and ###p < 0.001 compared with 
startle levels at 90 dB by Tukey HSD. (B) ABR thresholds of eNRG1 (left; 0.3 µg/g and right; 1.0 µg/g)-treated and vehicle-
treated mice were determined with specific auditory stimuli (4, 8, 10, 16, 20, and 32 kHz) by varying the sound pressure levels 
(n = 9-11 mice per group). Data is expressed as mean ± SEM. **p < 0.01 and *** p < 0.001 compared between groups by 
Scheffe's test. 
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eNRG1 and T1-NRG1 (i.e. both ~3-fold increases three 
hours after injection of their 1.0 μg/g dose) [15]. 
 Several reports indicate the activity difference 
among NRG1 splicing variants. Major splicing variants 
of NRG1 (type 1; NDF, type 2; GGF, and type 3; 
SMDF) exhibit distinct interactions to individual ErbB1-
4 receptor subtypes, presumably leading to distinct 
biological effects in the brain [35,36]. NRG1 isoforms 
exhibit qualitative differences due to their specific 
structures such as an immunoglobulin-like domain. 
This domain, which is found in T1-NRG1 but not 
eNRG1, carries a heparin binding activity and regulates 
tissue distribution and receptor interactions of the 
ligand [7,37,38]. 
 eNRG1 is produced from T1-NRG1 as well as 
potentially from the type2 isoform of NRG1 through the 
neuropsin-dependent proteolytic processing [7]. The 
protease neuropsin recognizes and cleaves the 
immunoglobulin-like domain of the NRG1 precursors 
and liberate their carboxyl terminal domain; eNRG1. 
Tamura et al. [7] demonstrate the biological implication 
of the neuropsin-dependent NRG1 processing in 
hippocampal synapse plasticity. As the molar dose of 
eNRG1 was adjusted to that of T1-NRG1 in some of 
the present experiments, their dose difference cannot 
illustrate the behavioral differences between T1-NRG1-
treated and eNRG1-treated mice. Nonetheless, the 
present results demonstrate that the biological actions 
of individual NRG1 variants significantly differ in vivo 
and result in distinct behavioral consequences. 
Corroborating our findings, mice deficient in type 3 
NRG1 exhibit distinct behavioral deficits from type 1 
NRG1-knockout mice [8,9,11]. However, it remains to 
be explored whether the present behavioral differences 
of T1-NRG1-treated and eNRG1-treated mice are 
ascribed to the unique activity of the immunoglobulin-
like domain or that of the neuropsin-cleaving product 
eNRG1 [7,38]. 
 To elucidate the molecular underpinnings of the 
given hypersensitivity to the NMDA receptor 
antagonist, we assessed the neurochemical influences 
of eNRG1 in adulthood, focusing on NMDA-type and 
AMPA-type glutamate receptors. There were 
reductions in NMDA receptor-like immunoreactivities 
(i.e. GluN2C and GluN2D) in the frontal cortex and 
hippocampus of eNRG1-treated mice, which can be 
involved in the hypersensitivity to MK-801. The 
specificity of the anti-GluN2D antibody, but not that for 
the anti-GluN2C antibody, has been verified with the 
use of knockout mice [39,40] Although the molecular 
nature of the present GluN2C-like immunoreactivity 
required further validation, the above arguments are in 
agreement with the observation that NMDA receptor-
hypomorphic mutant mice show hypersensitivity to an 
NMDA receptor blocker [24,41]. Recently, Belforte et 
al. (2010) also provide supportive evidence that the 
psychomimetric activity of MK-801 is ascribed to a 
decrease in the NMDA receptor sensitivity of  
parvalbumin-positive GABA neurons during postnatal 
development [42]. As parvalbumin-positive GABA 
neurons are enriched with ErbB4 receptors for NRG1, 

the expression of NMDA receptors in this cell 
population might be affected by excess eNRG1 in the 
present model [43-46]. However, we do not rule out the 
possibility that the eNRG1-driven hypersensitivity to 
MK-801 may involve glutamatergic, dopaminergic, or 
cholinergic brain circuits as suggested previously [47]. 
 NRG1 is one of the most promising candidate 
genes for schizophrenia. Most of the single nucleotide 
polymorphisms (SNPs) associating with schizophrenia 
are located in the genomic promoter region and introns 
of the 5’-side of the NRG1 gene [4,48,49]. Although the 
functional effects of these polymorphisms on gene 
transcription or alternative splicing of NRG1 isoforms 
are largely speculative, postmortem studies indicate 
that schizophrenic alterations of NRG1 mRNA levels 
are isoform-specific [3,50,51]. In agreement, the 
individual SNPs in human NRG1 are differentially 
implicated in psychotic symptoms, spatial working 
memory capacity, and white matter density and 
integrity [52,53]. In addition to schizophrenia, the 
genetic and neuropathologic association with NRG1 is 
implicated in several other psychiatric disease major 
depression, and bipolar disorder as well although 
several controversies still remain [54,55]. The 
differential expression of NRG1 processing enzymes is 
reported in schizophrenia and bipolar disorder [56]. 
Thus differential processing of NRG1 protein may 
contribute to the disease specificity as well. 
 The present results indicate that the composition of 
NRG1 isoforms might influence behavioral or cognitive 
traits in humans as well. Future studies should 
investigate the biological or pathological actions of 
individual NRG1 splicing isoforms underlying the SNP-
dependent cognitive and anatomical traits in normal 
subjects and/or patients with schizophrenia. 
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ANOVA = Analysis of variance 
EGF = Epidermal growth factor 
eNRG1 = An epidermal growth factor domain  
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compared the sensitivities of eNRG1-treated and T1-
NRG1-treated mice to two psychotomimetics, MK-801 
and methamphetamine. The MK-801-driven locomotor 
enhancement was larger in mice treated with eNRG1 
as neonates, compared with T1-NRG1-treated mice, 
even though the given molar concentration of T1-NRG1 
was nearly equal to the dose of eNRG1. The 
hypersensitivity of the eNRG1-treated mice to MK-801 
was also apparent in the magnitude of c-Fos induction 
in the brain. Following MK-801 challenge, eNRG1-
treated mice contained a higher number of c-Fos-
positive cells in the mPFC as well as in the NAc than 
control mice receiving MK-801. Both brain regions are 

implicated as target regions of MK-801 [35]. In contrast 
to the responses to MK-801, there were no significant 
difference in methamphetamine-triggered locomotor 
enhancement between T1-NRG1-treated and eNRG1-
treated mice. The behavioral difference of T1-NRG1-
treated and eNRG1-treated mice might reflect 
qualitative differences in in vivo activities of eNRG1 
and T1-NRG1. Alternatively, the quantitative difference 
in the efficacy of blood-brain barrier permeability or in 
metabolic rates in the brain might underly the 
behavioral difference between these NRG1 variants. 
However, the magnitude and peak time of ErbB4 
phosphoryration appeared to be similar between 

 
Fig. (8). Auditory responses of eNRG1-treated mice as adults. (A) Relative amplitudes of startle responses of eNRG1 (left; 0.3 
µg/g and right; 1.0 µg/g)-treated and vehicle-treated mice (control) were monitored with 90 − 120 dB tones (n = 10 mice per 
group). Data is expressed as mean ± SEM. *** p < 0.001 compared between groups. ## p < 0.01 and ###p < 0.001 compared with 
startle levels at 90 dB by Tukey HSD. (B) ABR thresholds of eNRG1 (left; 0.3 µg/g and right; 1.0 µg/g)-treated and vehicle-
treated mice were determined with specific auditory stimuli (4, 8, 10, 16, 20, and 32 kHz) by varying the sound pressure levels 
(n = 9-11 mice per group). Data is expressed as mean ± SEM. **p < 0.01 and *** p < 0.001 compared between groups by 
Scheffe's test. 
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eNRG1 and T1-NRG1 (i.e. both ~3-fold increases three 
hours after injection of their 1.0 μg/g dose) [15]. 
 Several reports indicate the activity difference 
among NRG1 splicing variants. Major splicing variants 
of NRG1 (type 1; NDF, type 2; GGF, and type 3; 
SMDF) exhibit distinct interactions to individual ErbB1-
4 receptor subtypes, presumably leading to distinct 
biological effects in the brain [35,36]. NRG1 isoforms 
exhibit qualitative differences due to their specific 
structures such as an immunoglobulin-like domain. 
This domain, which is found in T1-NRG1 but not 
eNRG1, carries a heparin binding activity and regulates 
tissue distribution and receptor interactions of the 
ligand [7,37,38]. 
 eNRG1 is produced from T1-NRG1 as well as 
potentially from the type2 isoform of NRG1 through the 
neuropsin-dependent proteolytic processing [7]. The 
protease neuropsin recognizes and cleaves the 
immunoglobulin-like domain of the NRG1 precursors 
and liberate their carboxyl terminal domain; eNRG1. 
Tamura et al. [7] demonstrate the biological implication 
of the neuropsin-dependent NRG1 processing in 
hippocampal synapse plasticity. As the molar dose of 
eNRG1 was adjusted to that of T1-NRG1 in some of 
the present experiments, their dose difference cannot 
illustrate the behavioral differences between T1-NRG1-
treated and eNRG1-treated mice. Nonetheless, the 
present results demonstrate that the biological actions 
of individual NRG1 variants significantly differ in vivo 
and result in distinct behavioral consequences. 
Corroborating our findings, mice deficient in type 3 
NRG1 exhibit distinct behavioral deficits from type 1 
NRG1-knockout mice [8,9,11]. However, it remains to 
be explored whether the present behavioral differences 
of T1-NRG1-treated and eNRG1-treated mice are 
ascribed to the unique activity of the immunoglobulin-
like domain or that of the neuropsin-cleaving product 
eNRG1 [7,38]. 
 To elucidate the molecular underpinnings of the 
given hypersensitivity to the NMDA receptor 
antagonist, we assessed the neurochemical influences 
of eNRG1 in adulthood, focusing on NMDA-type and 
AMPA-type glutamate receptors. There were 
reductions in NMDA receptor-like immunoreactivities 
(i.e. GluN2C and GluN2D) in the frontal cortex and 
hippocampus of eNRG1-treated mice, which can be 
involved in the hypersensitivity to MK-801. The 
specificity of the anti-GluN2D antibody, but not that for 
the anti-GluN2C antibody, has been verified with the 
use of knockout mice [39,40] Although the molecular 
nature of the present GluN2C-like immunoreactivity 
required further validation, the above arguments are in 
agreement with the observation that NMDA receptor-
hypomorphic mutant mice show hypersensitivity to an 
NMDA receptor blocker [24,41]. Recently, Belforte et 
al. (2010) also provide supportive evidence that the 
psychomimetric activity of MK-801 is ascribed to a 
decrease in the NMDA receptor sensitivity of  
parvalbumin-positive GABA neurons during postnatal 
development [42]. As parvalbumin-positive GABA 
neurons are enriched with ErbB4 receptors for NRG1, 

the expression of NMDA receptors in this cell 
population might be affected by excess eNRG1 in the 
present model [43-46]. However, we do not rule out the 
possibility that the eNRG1-driven hypersensitivity to 
MK-801 may involve glutamatergic, dopaminergic, or 
cholinergic brain circuits as suggested previously [47]. 
 NRG1 is one of the most promising candidate 
genes for schizophrenia. Most of the single nucleotide 
polymorphisms (SNPs) associating with schizophrenia 
are located in the genomic promoter region and introns 
of the 5’-side of the NRG1 gene [4,48,49]. Although the 
functional effects of these polymorphisms on gene 
transcription or alternative splicing of NRG1 isoforms 
are largely speculative, postmortem studies indicate 
that schizophrenic alterations of NRG1 mRNA levels 
are isoform-specific [3,50,51]. In agreement, the 
individual SNPs in human NRG1 are differentially 
implicated in psychotic symptoms, spatial working 
memory capacity, and white matter density and 
integrity [52,53]. In addition to schizophrenia, the 
genetic and neuropathologic association with NRG1 is 
implicated in several other psychiatric disease major 
depression, and bipolar disorder as well although 
several controversies still remain [54,55]. The 
differential expression of NRG1 processing enzymes is 
reported in schizophrenia and bipolar disorder [56]. 
Thus differential processing of NRG1 protein may 
contribute to the disease specificity as well. 
 The present results indicate that the composition of 
NRG1 isoforms might influence behavioral or cognitive 
traits in humans as well. Future studies should 
investigate the biological or pathological actions of 
individual NRG1 splicing isoforms underlying the SNP-
dependent cognitive and anatomical traits in normal 
subjects and/or patients with schizophrenia. 
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Abstract

Background: Cytogenomic mutations and chromosomal abnormality are implicated in the neuropathology of
several brain diseases. Cell heterogeneity of brain tissues makes their detection and validation difficult, however.
In the present study, we analyzed gene dosage alterations in brain DNA of schizophrenia patients and compared those
with the copy number variations (CNVs) identified in schizophrenia patients as well as with those in Asian lymphocyte
DNA and attempted to obtain hints at the pathological contribution of cytogenomic instability to schizophrenia.

Results: Brain DNA was extracted from postmortem striatum of schizophrenia patients and control subjects (n = 48
each) and subjected to the direct two color microarray analysis that limits technical data variations. Disease-associated
biases of relative DNA doses were statistically analyzed with Bonferroni’s compensation on the premise of brain cell
mosaicism. We found that the relative gene dosage of 85 regions significantly varied among a million of probe sites.
In the candidate CNV regions, 26 regions had no overlaps with the common CNVs found in Asian populations and
included the genes (i.e., ANTXRL, CHST9, DNM3, NDST3, SDK1, STRC, SKY) that are associated with schizophrenia and/or
other psychiatric diseases. The majority of these candidate CNVs exhibited high statistical probabilities but their signal
differences in gene dosage were less than 1.5-fold. For test evaluation, we rather selected the 10 candidate CNV regions
that exhibited higher aberration scores or larger global effects and were thus confirmable by PCR. Quantitative PCR
verified the loss of gene dosage at two loci (1p36.21 and 1p13.3) and confirmed the global variation of the copy
number distributions at two loci (11p15.4 and 13q21.1), both indicating the utility of the present strategy. These
test loci, however, exhibited the same somatic CNV patterns in the other brain region.

Conclusions: The present study lists the candidate regions potentially representing cytogenomic CNVs in the brain of
schizophrenia patients, although the significant but modest alterations in their brain genome doses largely remain to
be characterized further.

Keywords: CNV, Caudate, Genome instability, Schizophrenia, Somatic mutation

Background
Copy number variation (CNV) is defined as a deletion or
duplication/multiplication of a genomic fragment span-
ning more than 1 kb when compared to a reference gen-
ome [1–3]. Approximately 37,000 sites of common CNVs
have been identified in the human genome and they oc-
cupy 12 % of the entire genome [4, 5]. The genome-wide

association studies (GWAS) on schizophrenia analyzed
DNA which was isolated from peripheral lymphocytes
and have identified risk CNV sites, some of which are not
present in the patients’ parents [6–9].
Somatic mosaicism of genome sequences and struc-

tures have recently drawn particular attention [10–12].
Nearly 30 % of developing brain cells in human are reported
to harbor aberrant chromosomal compositions [13, 14]. In
addition, there are significant genomic differences in som-
atic cells between monozygotic twins and among tissues
[15–18]. Accordingly, aberrant cytogenomic variations in
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human brain are implicated in neurodegenerative and
neurodevelopmental disorders such as Alzheimer’s disease,
amyotrophic lateral sclerosis, and Huntington’s diseases
[19–25]. It is an open question whether the brain-specific
somatic mutation or CNV might also contribute to the
etiology or neuropathology of schizophrenia [26–28].
To obtain hints at the above question, we prepared

DNA from the brain tissue of 48 schizophrenia patients
and 48 control subjects. Labeling brain DNA samples, we
directly applied those to Agilent 1 M comparative genomic
hybridization (CGH) arrays to measure relative gene doses
without the use of reference genome. This direct compari-
son through the case–control pairing reduces technical
data deviations and enhances the statistical power of
detection [29, 30]. With the potential genomic mosaicism
of heterogeneous brain cell mixtures, we expected that the
target genome could be diluted with normal DNA from
the off-target cells and thus assumed non-integer values
of CNVs in this analysis [31]. Technical limitations of this
approach are further discussed below.

Results
The striatum contain neural stem cells that proliferate
throughout human life and carries somatic mutation in its
mitochondrial genome [32, 33]. Therefore, we hypothe-
sized that the striatum may be a potential candidate region
that would exhibit somatic mosaicism in brain genome
structures. DNA was extracted from postmortem striatum
of patients with chronic schizophrenia (n = 48) and age-
matched controls who had no history of neuropsychiatric
disorders (n = 48) (Additional file 1: Table S1). Although
there were significant differences in postmortem intervals
(PMIs) between groups, there was no detectable difference
in DNA quality (data not shown). All other indices were
indistinguishable between schizophrenia patients and con-
trol subjects. A DNA sample was randomly picked from
each group, paired to a sample in the other group, and
subjected to two-color competitive CGH analysis with
1 M SurePrint G3 Human CGH Microarrays.
We applied the ADM-2 algorithm to the CGH signals of

individual microarray probes (nearly 1 million) and searched
for the primary candidate CNV loci associated with schizo-
phrenia. A flowchart of the present study design is shown in
Additional file 1: Figure S1. We chose1381 chromosomal
loci that exhibited large group differences in gain/loss calls
(Selection 1). In each probe site located on the primary
candidate loci, we plotted the distribution of log2 signal
ratios from 48 sets of microarray analyses and tested the
null hypothesis that the mean log2 signal ratios was zero,
indicating that the two groups were indistinguishable
(Selection 2). We calculated total probabilities and aver-
aged log2 signal ratios for individual candidate loci and
judged their statistical significance with Bonferroni’s cor-
rection. The number of the candidate loci maintaining the

statistical significance through Selection 2 was reduced to
85 (Details in Additional file 1: Table S2).
Positive CNV loci were found in almost all chromo-

somes except chromosome 17 and 21 (Fig. 1). Individual
loci covered 1–746 probe sites (3–2200 kb) and exhibited
average log2 ratios of −1.46 to +0.63 (i.e., odds ratio (OR) =
0.36–1.55). A majority of the average log2 ratios were be-
tween −0.59 to +0.59 (i.e., < 1.5-fold differences) and only
4 loci showed more than 1.5-fold differences in array
CGH signals. A genomic region spanning from 6p22.2
to 6p21.32 contained six CNV loci and included genes
for the major histocompatibility complex that is highly
associated with schizophrenia in GWAS [34]. Among
the 85 CNV loci in Selection 2, 59 loci were reported
and 26 loci were not reported in the CNV study on
leukocyte DNA samples of Asian populations (Additional
file 1: Table S2) [2].
To validate the authenticity of the present procedure,

we attempted to verify the above genome dosage changes
of several candidate loci using quantitative polymerase
chain reaction (qPCR). According to the following two cri-
teria, we selected the test loci whose signal differences
were larger between groups and could be detectable with
the given accuracy of qPCR; (i) those exhibiting the large
and consistent gain/loss calls across the limited sample
pairs (from Selection 1) and (ii) the loci represented larger
global effects shared in most of the schizophrenia samples
(from Selection 2).
In the former category, the gene dosage of Hs03385437

(1p13.3), CC70L1J (1p36.21), Hs03318079 (Chr18:q22.1),
Hs04794356 (4q24), Hs05080419 (9q22.2), and Hs07134106
(19p12) produced exclusive gain/loss calls in not less than
four sample pairs. No discrepant calls were detected in
any sample pairs. Using the same DNA pairs showing the
difference in the penetrance call (Selection 1), we deter-
mined and confirmed the gene dosage of those DNA sam-
ples using qPCR. ANOVA detected significant gene dose
differences at two loci (Hs03385437 and CC70L1J) be-
tween patient and control groups (Fig. 2).
In this measurement, we used RNaseP gene as an internal

DNA dose control. Measured genome doses of the above
regions appeared not to be integer levels in several control
samples, potentially reflecting the cell mosaicism of the ori-
ginal tissues. We also extracted DNA from the prefrontal
cortex of the same subjects of both groups and compared
the genome doses of the above loci (Hs03385437 and
CC70L1J). We calculated the copy number ratio of the
patient’ DNA dosage to that of the control subject’ dosage
and compared these ratios between the brain regions. At
both loci, almost all the copy number ratios were mark-
edly lower than 1.0 except the C26:S34 pair, supporting
our primary observation that the absolute gene dosages of
these loci were decreased in the schizophrenia samples.
However, copy number ratios did not significantly differ
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Abstract

Background: Cytogenomic mutations and chromosomal abnormality are implicated in the neuropathology of
several brain diseases. Cell heterogeneity of brain tissues makes their detection and validation difficult, however.
In the present study, we analyzed gene dosage alterations in brain DNA of schizophrenia patients and compared those
with the copy number variations (CNVs) identified in schizophrenia patients as well as with those in Asian lymphocyte
DNA and attempted to obtain hints at the pathological contribution of cytogenomic instability to schizophrenia.

Results: Brain DNA was extracted from postmortem striatum of schizophrenia patients and control subjects (n = 48
each) and subjected to the direct two color microarray analysis that limits technical data variations. Disease-associated
biases of relative DNA doses were statistically analyzed with Bonferroni’s compensation on the premise of brain cell
mosaicism. We found that the relative gene dosage of 85 regions significantly varied among a million of probe sites.
In the candidate CNV regions, 26 regions had no overlaps with the common CNVs found in Asian populations and
included the genes (i.e., ANTXRL, CHST9, DNM3, NDST3, SDK1, STRC, SKY) that are associated with schizophrenia and/or
other psychiatric diseases. The majority of these candidate CNVs exhibited high statistical probabilities but their signal
differences in gene dosage were less than 1.5-fold. For test evaluation, we rather selected the 10 candidate CNV regions
that exhibited higher aberration scores or larger global effects and were thus confirmable by PCR. Quantitative PCR
verified the loss of gene dosage at two loci (1p36.21 and 1p13.3) and confirmed the global variation of the copy
number distributions at two loci (11p15.4 and 13q21.1), both indicating the utility of the present strategy. These
test loci, however, exhibited the same somatic CNV patterns in the other brain region.

Conclusions: The present study lists the candidate regions potentially representing cytogenomic CNVs in the brain of
schizophrenia patients, although the significant but modest alterations in their brain genome doses largely remain to
be characterized further.

Keywords: CNV, Caudate, Genome instability, Schizophrenia, Somatic mutation

Background
Copy number variation (CNV) is defined as a deletion or
duplication/multiplication of a genomic fragment span-
ning more than 1 kb when compared to a reference gen-
ome [1–3]. Approximately 37,000 sites of common CNVs
have been identified in the human genome and they oc-
cupy 12 % of the entire genome [4, 5]. The genome-wide

association studies (GWAS) on schizophrenia analyzed
DNA which was isolated from peripheral lymphocytes
and have identified risk CNV sites, some of which are not
present in the patients’ parents [6–9].
Somatic mosaicism of genome sequences and struc-

tures have recently drawn particular attention [10–12].
Nearly 30 % of developing brain cells in human are reported
to harbor aberrant chromosomal compositions [13, 14]. In
addition, there are significant genomic differences in som-
atic cells between monozygotic twins and among tissues
[15–18]. Accordingly, aberrant cytogenomic variations in
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human brain are implicated in neurodegenerative and
neurodevelopmental disorders such as Alzheimer’s disease,
amyotrophic lateral sclerosis, and Huntington’s diseases
[19–25]. It is an open question whether the brain-specific
somatic mutation or CNV might also contribute to the
etiology or neuropathology of schizophrenia [26–28].
To obtain hints at the above question, we prepared

DNA from the brain tissue of 48 schizophrenia patients
and 48 control subjects. Labeling brain DNA samples, we
directly applied those to Agilent 1 M comparative genomic
hybridization (CGH) arrays to measure relative gene doses
without the use of reference genome. This direct compari-
son through the case–control pairing reduces technical
data deviations and enhances the statistical power of
detection [29, 30]. With the potential genomic mosaicism
of heterogeneous brain cell mixtures, we expected that the
target genome could be diluted with normal DNA from
the off-target cells and thus assumed non-integer values
of CNVs in this analysis [31]. Technical limitations of this
approach are further discussed below.

Results
The striatum contain neural stem cells that proliferate
throughout human life and carries somatic mutation in its
mitochondrial genome [32, 33]. Therefore, we hypothe-
sized that the striatum may be a potential candidate region
that would exhibit somatic mosaicism in brain genome
structures. DNA was extracted from postmortem striatum
of patients with chronic schizophrenia (n = 48) and age-
matched controls who had no history of neuropsychiatric
disorders (n = 48) (Additional file 1: Table S1). Although
there were significant differences in postmortem intervals
(PMIs) between groups, there was no detectable difference
in DNA quality (data not shown). All other indices were
indistinguishable between schizophrenia patients and con-
trol subjects. A DNA sample was randomly picked from
each group, paired to a sample in the other group, and
subjected to two-color competitive CGH analysis with
1 M SurePrint G3 Human CGH Microarrays.
We applied the ADM-2 algorithm to the CGH signals of

individual microarray probes (nearly 1 million) and searched
for the primary candidate CNV loci associated with schizo-
phrenia. A flowchart of the present study design is shown in
Additional file 1: Figure S1. We chose1381 chromosomal
loci that exhibited large group differences in gain/loss calls
(Selection 1). In each probe site located on the primary
candidate loci, we plotted the distribution of log2 signal
ratios from 48 sets of microarray analyses and tested the
null hypothesis that the mean log2 signal ratios was zero,
indicating that the two groups were indistinguishable
(Selection 2). We calculated total probabilities and aver-
aged log2 signal ratios for individual candidate loci and
judged their statistical significance with Bonferroni’s cor-
rection. The number of the candidate loci maintaining the

statistical significance through Selection 2 was reduced to
85 (Details in Additional file 1: Table S2).
Positive CNV loci were found in almost all chromo-

somes except chromosome 17 and 21 (Fig. 1). Individual
loci covered 1–746 probe sites (3–2200 kb) and exhibited
average log2 ratios of −1.46 to +0.63 (i.e., odds ratio (OR) =
0.36–1.55). A majority of the average log2 ratios were be-
tween −0.59 to +0.59 (i.e., < 1.5-fold differences) and only
4 loci showed more than 1.5-fold differences in array
CGH signals. A genomic region spanning from 6p22.2
to 6p21.32 contained six CNV loci and included genes
for the major histocompatibility complex that is highly
associated with schizophrenia in GWAS [34]. Among
the 85 CNV loci in Selection 2, 59 loci were reported
and 26 loci were not reported in the CNV study on
leukocyte DNA samples of Asian populations (Additional
file 1: Table S2) [2].
To validate the authenticity of the present procedure,

we attempted to verify the above genome dosage changes
of several candidate loci using quantitative polymerase
chain reaction (qPCR). According to the following two cri-
teria, we selected the test loci whose signal differences
were larger between groups and could be detectable with
the given accuracy of qPCR; (i) those exhibiting the large
and consistent gain/loss calls across the limited sample
pairs (from Selection 1) and (ii) the loci represented larger
global effects shared in most of the schizophrenia samples
(from Selection 2).
In the former category, the gene dosage of Hs03385437

(1p13.3), CC70L1J (1p36.21), Hs03318079 (Chr18:q22.1),
Hs04794356 (4q24), Hs05080419 (9q22.2), and Hs07134106
(19p12) produced exclusive gain/loss calls in not less than
four sample pairs. No discrepant calls were detected in
any sample pairs. Using the same DNA pairs showing the
difference in the penetrance call (Selection 1), we deter-
mined and confirmed the gene dosage of those DNA sam-
ples using qPCR. ANOVA detected significant gene dose
differences at two loci (Hs03385437 and CC70L1J) be-
tween patient and control groups (Fig. 2).
In this measurement, we used RNaseP gene as an internal

DNA dose control. Measured genome doses of the above
regions appeared not to be integer levels in several control
samples, potentially reflecting the cell mosaicism of the ori-
ginal tissues. We also extracted DNA from the prefrontal
cortex of the same subjects of both groups and compared
the genome doses of the above loci (Hs03385437 and
CC70L1J). We calculated the copy number ratio of the
patient’ DNA dosage to that of the control subject’ dosage
and compared these ratios between the brain regions. At
both loci, almost all the copy number ratios were mark-
edly lower than 1.0 except the C26:S34 pair, supporting
our primary observation that the absolute gene dosages of
these loci were decreased in the schizophrenia samples.
However, copy number ratios did not significantly differ
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between these brain regions in any of the sample pairs
(Fig. 2). At least at these two candidate loci, we failed to
find evidence for a gene dosage difference between these
brain regions.
In the latter category, Hs0358779 (6p22.1), Hs03265736

(7p21.3), Hs03765933 (11p15.4), and Hs03298358 (q21.1)
exhibited higher log2 signal ratios and were thus subjected
to the test evaluation. Gene dosage of these four loci were
determined by qPCR using all the DNA samples in control
and schizophrenia groups (n = 48 each). Differences in gene
dosages were replicated by qPCR for Hs03765933 and
Hs03298358 (Fig. 3). In contrast to the data distributions of
Fig. 2, almost all the values of the gene doses were located

at the levels of integers but with several exceptions. These
candidate CNVs appear to reflect the gene dosage differ-
ences of germinal origin.

Discussion
Several recent reports have indicated the neuropathological
contribution of somatic CNV or DNA instability of the
brain genome [19–28, 35–40]. In accordance with these
findings, a small proportion few percent of brain cells are
known to exhibit aneuploidy and carry large CNVs [13,
14, 41]. Aneuploidy is detected by fluorescence in situ
hybridization (FISH) and appears to be increased by the
onset of Alzheimer’s disease [20, 22]. The aneuploidy of
chromosome 1, 18 and X was also identified in the brain
of schizophrenia patients [21, 41]. Despite its advan-
tages, FISH cannot be employed in exploratory investiga-
tions, unless the specific genome region of the CNV of
interest is identified. Since bonafide genome structures
from off-target cells could dilute the abnormal genome
DNA population, more sensitive technologies remain to
be developed, which detect low quantities of CNV in het-
erogeneous cell mixtures of the brain tissue [42, 43]. In the
present study, we attempted to evaluate the efficacy of the
CGH microarray technique to extract somatic CNVs in
the postmortem brains of schizophrenia patients [42, 43].
With given semi-quantitative nature of the microarray

technique, we applied statistics to the 1 M array CGH re-
sults from 48 sample pairs. Using the high density CGH
array and statistical approach, we found 85 candidate CNV
loci in the present study; 59 CNV loci are overlapped with
the common CNV regions and the remaining 26 loci are
not reported in peripheral leukocyte-derived DNA of Asian
people [2, 44]. Of note, the 26 candidate regions encode the
seven genes that are associated with or implicated in
schizophrenia or other psychiatric diseases; ANTXRL,
CHST9, DNM3, NDST3, SDK1, STRC, and SKY (Add-
itional file 1: Table S2). DNM3 in the candidate region of
1q24.3 is disruptively mutated in some of schizophrenia pa-
tients [45]. ANTXRL and CHST9 are located in the CNV
regions associated with bipolar disorder and autism [46,
47]. NDST3 and STRC are the risk genes for schizophrenia
and hearing impairment that are identified by GWAS, re-
spectively [48, 49]. SDK1 and SKY are the genes whose ex-
pression levels are markedly altered in the brain of
schizophrenia patients [50, 51]. Accordingly, the present
listing of the candidate brain CNVs is informative for future
cytogenomic studies on schizophrenia [21, 41].
It was difficult for us to validate most of the above-

mentioned 85 candidate loci with qPCR analysis with the
given small signal differences between groups (i.e., less than
1.5-fold). Therefore, we selected the best 10 test loci that
exhibited relatively large and/or wide effects on gene dos-
age. The six loci were chosen from Selection 1 as putative
rare CNVs, which exhibited exclusive gain/loss calls in the

Fig. 2 Gene dosage evaluation of the individual positive pairs in CGH
analysis. DNA was prepared from the striatum and prefrontal cortex of the
same subjects whose pairs resulted in the exclusive penetrance calls in
array CGH analysis (Selection 1). DNA was then subjected to qPCR using
the RNase P gene as an internal control in quadruplicate. Moreover, to
compare the gene dosage between the striatum and prefrontal cortex,
ratios of DNA dosages of the schizophrenia patients to those of the
control subjects were calculated in each brain region and plotted.
Statistical comparisons of gene dosages or their ratios were conducted by
two-way ANOVA with the subject factors of disease and sample pair,
considering technical deviations. *p< 0.05, **p< 0.01, ***p< 0.001
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between these brain regions in any of the sample pairs
(Fig. 2). At least at these two candidate loci, we failed to
find evidence for a gene dosage difference between these
brain regions.
In the latter category, Hs0358779 (6p22.1), Hs03265736

(7p21.3), Hs03765933 (11p15.4), and Hs03298358 (q21.1)
exhibited higher log2 signal ratios and were thus subjected
to the test evaluation. Gene dosage of these four loci were
determined by qPCR using all the DNA samples in control
and schizophrenia groups (n = 48 each). Differences in gene
dosages were replicated by qPCR for Hs03765933 and
Hs03298358 (Fig. 3). In contrast to the data distributions of
Fig. 2, almost all the values of the gene doses were located

at the levels of integers but with several exceptions. These
candidate CNVs appear to reflect the gene dosage differ-
ences of germinal origin.

Discussion
Several recent reports have indicated the neuropathological
contribution of somatic CNV or DNA instability of the
brain genome [19–28, 35–40]. In accordance with these
findings, a small proportion few percent of brain cells are
known to exhibit aneuploidy and carry large CNVs [13,
14, 41]. Aneuploidy is detected by fluorescence in situ
hybridization (FISH) and appears to be increased by the
onset of Alzheimer’s disease [20, 22]. The aneuploidy of
chromosome 1, 18 and X was also identified in the brain
of schizophrenia patients [21, 41]. Despite its advan-
tages, FISH cannot be employed in exploratory investiga-
tions, unless the specific genome region of the CNV of
interest is identified. Since bonafide genome structures
from off-target cells could dilute the abnormal genome
DNA population, more sensitive technologies remain to
be developed, which detect low quantities of CNV in het-
erogeneous cell mixtures of the brain tissue [42, 43]. In the
present study, we attempted to evaluate the efficacy of the
CGH microarray technique to extract somatic CNVs in
the postmortem brains of schizophrenia patients [42, 43].
With given semi-quantitative nature of the microarray

technique, we applied statistics to the 1 M array CGH re-
sults from 48 sample pairs. Using the high density CGH
array and statistical approach, we found 85 candidate CNV
loci in the present study; 59 CNV loci are overlapped with
the common CNV regions and the remaining 26 loci are
not reported in peripheral leukocyte-derived DNA of Asian
people [2, 44]. Of note, the 26 candidate regions encode the
seven genes that are associated with or implicated in
schizophrenia or other psychiatric diseases; ANTXRL,
CHST9, DNM3, NDST3, SDK1, STRC, and SKY (Add-
itional file 1: Table S2). DNM3 in the candidate region of
1q24.3 is disruptively mutated in some of schizophrenia pa-
tients [45]. ANTXRL and CHST9 are located in the CNV
regions associated with bipolar disorder and autism [46,
47]. NDST3 and STRC are the risk genes for schizophrenia
and hearing impairment that are identified by GWAS, re-
spectively [48, 49]. SDK1 and SKY are the genes whose ex-
pression levels are markedly altered in the brain of
schizophrenia patients [50, 51]. Accordingly, the present
listing of the candidate brain CNVs is informative for future
cytogenomic studies on schizophrenia [21, 41].
It was difficult for us to validate most of the above-

mentioned 85 candidate loci with qPCR analysis with the
given small signal differences between groups (i.e., less than
1.5-fold). Therefore, we selected the best 10 test loci that
exhibited relatively large and/or wide effects on gene dos-
age. The six loci were chosen from Selection 1 as putative
rare CNVs, which exhibited exclusive gain/loss calls in the

Fig. 2 Gene dosage evaluation of the individual positive pairs in CGH
analysis. DNA was prepared from the striatum and prefrontal cortex of the
same subjects whose pairs resulted in the exclusive penetrance calls in
array CGH analysis (Selection 1). DNA was then subjected to qPCR using
the RNase P gene as an internal control in quadruplicate. Moreover, to
compare the gene dosage between the striatum and prefrontal cortex,
ratios of DNA dosages of the schizophrenia patients to those of the
control subjects were calculated in each brain region and plotted.
Statistical comparisons of gene dosages or their ratios were conducted by
two-way ANOVA with the subject factors of disease and sample pair,
considering technical deviations. *p< 0.05, **p< 0.01, ***p< 0.001
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limited number of samples. From Selection 2, the four loci
were chosen as provisional common variants, which
showed large effects and higher probability levels in the
above parametric analysis. The qPCR analysis confirmed
the schizophrenia-associated gene dosage differences at
nearly half of the candidate CNV loci, suggesting the valid-
ity of the present strategy.
Unfortunately we had neither stored peripheral tissues

nor information about these CNVs in peripheral DNA of
the same subjects. To estimate the contribution of somatic
CNVs to the present CNV listing, therefore, we were com-
pelled to compare the gene dosages between the two brain
regions or to search for their absence in the databases of
Asian CNVs of leukocyte origin [2.44]. In the test PCR,
however, we could not detect significant differences in gene
dosages between the striatum and prefrontal cortex, at least,

at these test CNV loci. If somatic CNVs were produced
prior to neuroectodermal differentiation, there should be no
difference between these two neural tissues, suggesting that
the present comparison between these brain regions was in-
appropriate. Therefore, a comparative analysis of DNA from
germinal cells of the same subjects will warrant this defini-
tive conclusion [45].
Among the CNV candidate regions in Fig. 1, 26 candi-

date regions are not reported as the common CNVs of
Asian populations [2, 44]. The majority of these
loci exhibited high statistical significance with the probabil-
ities of less than 10−100, such as 4q35.2, 6p11.2, 7q11–12,
11p15.4–15.5, and 15q11.2. In contrast, their CGH signal
differences between patients and controls were markedly
smaller (OR = 0.988–1.055). As discussed above, these
candidate CNV loci include the peculiar genes that are

Fig. 3 qPCR evaluations of candidate CNV loci from Selection 2. Gene dosages of the candidate loci 6p22.1, 7p21.3, 11p15.4, 13q21.1, and the
RNase P (internal control) were determined by qPCR using all sample DNAs and TaqMan probes (Additional file 1: Table S3). Individual gene
dosages of 48 patients’ or 48 controls’ DNAs were plotted and compared between groups using the Chi-square and Mann–Whitney U tests
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implicated in schizophrenia [45–51]. These regions, which
exhibited small signal differences, might represent more
promising candidates of somatic CNV sites because the
genome aberration of target cells is presumably diluted in
the brain and should result in smaller ORs. However, such
small differences in gene dosage should make the conven-
tional qPCR verification more challenging with the given
technical deviations [52]. To avoid target DNA dilution
with cell mosaicism, single cell qPCR or FISH may be more
beneficial in theory [20–22, 43]. However, it would be dif-
ficult to independently perform microdissection of
hundreds of cells and perform single-cell analysis
unless the target cell population is identified with mo-
lecular markers and its sensitivity of gene detection is
high enough. FISH also requires properly fixed and
processed brain tissues of the same subjects. With the
given technical difficulties, therefore, we have been un-
able to verify these small variations.

Conclusion
The present CGH analysis lists the potential candidate
regions of somatic CNVs associated with schizophrenia,
although most of those exhibited the modest but highly
significant alterations in brain genome doses. Future stud-
ies aim to develop more elaborate techniques for somatic
genome mosaicism and to verify the schizophrenia-
associated cytogenomic instability in the above CNV
candidates [53–56].

Methods
Ethical approval
The study was approved by Niigata University Medical
Ethics Committee (No. 683). The use of postmortem brain
tissues was authorized by the Matsuzawa Hospital Ethics
Committee, Kobe University Medical Ethics Committee,
Fukushima Medical University Ethics Committee, and
Niigata University Medical Ethics Committee. The fam-
ilies of the control and schizophrenia patients provided
written informed consent to allow the use of brain tissues
for pathological investigations.

Brain tissue
Postmortem brain tissue was collected from patients with
chronic schizophrenia (30 men, 18 women; mean age,
64.5 ± 12.5 years old) and from age-matched control sub-
jects (30 men, 18 women; mean age, 64.2 ± 12.0 years old),
with no history of neuropsychiatric disorders (Additional
file 1: Table S1). The diagnosis of schizophrenia was con-
firmed by examining the patient’s report according to
DSM-III or DSM-IV categories (American Psychiatric
Association). Postmortem brains of schizophrenia patients
were collected at Matsuzawa Hospital, Kobe University,
Fukushima Medical University and Niigata University,
while those of control subjects were collected at Niigata

University. In brief, the left cerebral hemisphere was fixed
in formalin for diagnostic examination and the right hemi-
sphere was frozen at −80 °C. Tissue samples were taken
from postmortem brains that did not exhibit neurodegen-
erative abnormalities by conventional pathological staining
(data not shown). The striatum (caudate) was identified in
frozen coronal slices according to a human brain atlas. All
tissues were collected and stored according to the princi-
ples of the Declaration of Helsinki, and tissue use was in
compliance with the Human Tissue Act 2004.

DNA extraction
High molecular weight DNA was extracted by the guani-
dinium − phenol procedure (Gentra Pure Gene Tissue
Kit, Qiagen, Tokyo, Japan) according to the manufac-
turer’s protocol. Extracted DNA was quantified by spec-
trophotometry using a Nanodrop ND-2000® (Thermo
Scientific Wilmington, DE, USA). Samples with absorb-
ance ratios of A260/280 ~ 1.80 and A260/230 > 1.90,
respectively, were regarded as sufficiently pure and
suitable for CGH analysis. Some DNA samples were
subjected to 1.0 % agarose gel electrophoresis for quality
control. Evidence of DNA degradation was not detected
in randomly-picked DNA samples from patient or con-
trol groups (data not shown).

Comparative genomic hybridization (CGH)
Array-based CGH was performed by the manufacturer
Takara Bio Dragon Genomics Center (Seta, Shiga,
Japan). In brief, DNA (2 micro g) was fluorescent-
labeled by random priming DNA synthesis in the pres-
ence of Cy3-dUTP (control group) or Cy5-dUTP (pa-
tient group) (Genomic DNA Enzymatic Labeling Kit;
Agilent Technologies, Hachioji, Tokyo, Japan). DNA la-
beling efficiency was estimated by spectrophotometry
(Nanodrop ND-2000®) measuring optical absorbance at
260 nm for DNA, at 550 nm for Cy5, and at 649 nm for
Cy3. Cy5- and Cy3-labeled DNAs were randomly paired,
mixed, and hybridized to SurePrint G3 Human CGH
Microarrays (1 M) in the presence of human Cot-1 DNA
(Oligo aCGH/ChIP-on-chip Hybridization Kit, Agilent
Technologies). Following hybridization for 24 h, micro-
array slides were washed according to the manufacturer’s
instructions and immediately scanned on a DNA Micro-
array Scanner (Agilent Technologies). With the given
limitation of the sample number, we took an advantage of
the above direct comparison between case and control
samples [57]. This approach allowed us to determine rela-
tive ratios of their gene dosages but not their absolute
gene dosages. However this procedure decreased data de-
viations, compared with the CGH analysis utilizing two
microarrays and reference genome DNA [30].
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limited number of samples. From Selection 2, the four loci
were chosen as provisional common variants, which
showed large effects and higher probability levels in the
above parametric analysis. The qPCR analysis confirmed
the schizophrenia-associated gene dosage differences at
nearly half of the candidate CNV loci, suggesting the valid-
ity of the present strategy.
Unfortunately we had neither stored peripheral tissues

nor information about these CNVs in peripheral DNA of
the same subjects. To estimate the contribution of somatic
CNVs to the present CNV listing, therefore, we were com-
pelled to compare the gene dosages between the two brain
regions or to search for their absence in the databases of
Asian CNVs of leukocyte origin [2.44]. In the test PCR,
however, we could not detect significant differences in gene
dosages between the striatum and prefrontal cortex, at least,

at these test CNV loci. If somatic CNVs were produced
prior to neuroectodermal differentiation, there should be no
difference between these two neural tissues, suggesting that
the present comparison between these brain regions was in-
appropriate. Therefore, a comparative analysis of DNA from
germinal cells of the same subjects will warrant this defini-
tive conclusion [45].
Among the CNV candidate regions in Fig. 1, 26 candi-

date regions are not reported as the common CNVs of
Asian populations [2, 44]. The majority of these
loci exhibited high statistical significance with the probabil-
ities of less than 10−100, such as 4q35.2, 6p11.2, 7q11–12,
11p15.4–15.5, and 15q11.2. In contrast, their CGH signal
differences between patients and controls were markedly
smaller (OR = 0.988–1.055). As discussed above, these
candidate CNV loci include the peculiar genes that are

Fig. 3 qPCR evaluations of candidate CNV loci from Selection 2. Gene dosages of the candidate loci 6p22.1, 7p21.3, 11p15.4, 13q21.1, and the
RNase P (internal control) were determined by qPCR using all sample DNAs and TaqMan probes (Additional file 1: Table S3). Individual gene
dosages of 48 patients’ or 48 controls’ DNAs were plotted and compared between groups using the Chi-square and Mann–Whitney U tests
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implicated in schizophrenia [45–51]. These regions, which
exhibited small signal differences, might represent more
promising candidates of somatic CNV sites because the
genome aberration of target cells is presumably diluted in
the brain and should result in smaller ORs. However, such
small differences in gene dosage should make the conven-
tional qPCR verification more challenging with the given
technical deviations [52]. To avoid target DNA dilution
with cell mosaicism, single cell qPCR or FISH may be more
beneficial in theory [20–22, 43]. However, it would be dif-
ficult to independently perform microdissection of
hundreds of cells and perform single-cell analysis
unless the target cell population is identified with mo-
lecular markers and its sensitivity of gene detection is
high enough. FISH also requires properly fixed and
processed brain tissues of the same subjects. With the
given technical difficulties, therefore, we have been un-
able to verify these small variations.

Conclusion
The present CGH analysis lists the potential candidate
regions of somatic CNVs associated with schizophrenia,
although most of those exhibited the modest but highly
significant alterations in brain genome doses. Future stud-
ies aim to develop more elaborate techniques for somatic
genome mosaicism and to verify the schizophrenia-
associated cytogenomic instability in the above CNV
candidates [53–56].

Methods
Ethical approval
The study was approved by Niigata University Medical
Ethics Committee (No. 683). The use of postmortem brain
tissues was authorized by the Matsuzawa Hospital Ethics
Committee, Kobe University Medical Ethics Committee,
Fukushima Medical University Ethics Committee, and
Niigata University Medical Ethics Committee. The fam-
ilies of the control and schizophrenia patients provided
written informed consent to allow the use of brain tissues
for pathological investigations.

Brain tissue
Postmortem brain tissue was collected from patients with
chronic schizophrenia (30 men, 18 women; mean age,
64.5 ± 12.5 years old) and from age-matched control sub-
jects (30 men, 18 women; mean age, 64.2 ± 12.0 years old),
with no history of neuropsychiatric disorders (Additional
file 1: Table S1). The diagnosis of schizophrenia was con-
firmed by examining the patient’s report according to
DSM-III or DSM-IV categories (American Psychiatric
Association). Postmortem brains of schizophrenia patients
were collected at Matsuzawa Hospital, Kobe University,
Fukushima Medical University and Niigata University,
while those of control subjects were collected at Niigata

University. In brief, the left cerebral hemisphere was fixed
in formalin for diagnostic examination and the right hemi-
sphere was frozen at −80 °C. Tissue samples were taken
from postmortem brains that did not exhibit neurodegen-
erative abnormalities by conventional pathological staining
(data not shown). The striatum (caudate) was identified in
frozen coronal slices according to a human brain atlas. All
tissues were collected and stored according to the princi-
ples of the Declaration of Helsinki, and tissue use was in
compliance with the Human Tissue Act 2004.

DNA extraction
High molecular weight DNA was extracted by the guani-
dinium − phenol procedure (Gentra Pure Gene Tissue
Kit, Qiagen, Tokyo, Japan) according to the manufac-
turer’s protocol. Extracted DNA was quantified by spec-
trophotometry using a Nanodrop ND-2000® (Thermo
Scientific Wilmington, DE, USA). Samples with absorb-
ance ratios of A260/280 ~ 1.80 and A260/230 > 1.90,
respectively, were regarded as sufficiently pure and
suitable for CGH analysis. Some DNA samples were
subjected to 1.0 % agarose gel electrophoresis for quality
control. Evidence of DNA degradation was not detected
in randomly-picked DNA samples from patient or con-
trol groups (data not shown).

Comparative genomic hybridization (CGH)
Array-based CGH was performed by the manufacturer
Takara Bio Dragon Genomics Center (Seta, Shiga,
Japan). In brief, DNA (2 micro g) was fluorescent-
labeled by random priming DNA synthesis in the pres-
ence of Cy3-dUTP (control group) or Cy5-dUTP (pa-
tient group) (Genomic DNA Enzymatic Labeling Kit;
Agilent Technologies, Hachioji, Tokyo, Japan). DNA la-
beling efficiency was estimated by spectrophotometry
(Nanodrop ND-2000®) measuring optical absorbance at
260 nm for DNA, at 550 nm for Cy5, and at 649 nm for
Cy3. Cy5- and Cy3-labeled DNAs were randomly paired,
mixed, and hybridized to SurePrint G3 Human CGH
Microarrays (1 M) in the presence of human Cot-1 DNA
(Oligo aCGH/ChIP-on-chip Hybridization Kit, Agilent
Technologies). Following hybridization for 24 h, micro-
array slides were washed according to the manufacturer’s
instructions and immediately scanned on a DNA Micro-
array Scanner (Agilent Technologies). With the given
limitation of the sample number, we took an advantage of
the above direct comparison between case and control
samples [57]. This approach allowed us to determine rela-
tive ratios of their gene dosages but not their absolute
gene dosages. However this procedure decreased data de-
viations, compared with the CGH analysis utilizing two
microarrays and reference genome DNA [30].
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Quantitative polymerase chain reaction (qPCR)
To validate the results from the microarray experiments,
we performed qPCR using TaqMan probes (Applied
Biosystems, Foster City, CA) as described previously [32].
Gene dosages of the following genomic regions of interest
were measured for the sample pair sets that exhibited the
exclusive positive penetrance call with the Aberration
Detection Method 2 (ADM-2) algorithm; CC70L1J (1p13.3),
Hs03385437 (1p36.21), Hs04794356 (4q24), Hs05080419
(9q22.2), Hs03318079 (18q21.1), and Hs07134106 (19p12).
Using all the samples, we also determined the gene dos-
ages of the candidate CNV loci that exhibited lower prob-
ability scores by the global t-test analysis; Hs03587795
(6p22.1), Hs03265736 (7p21.3), Hs03765933 (11p15.4),
and Hs03298358 (13q21.1). DNA sequences of TaqMan
probes and PCR primers are shown in the Additional
file 1. We obtained cycle threshold (CT) values for the
region of interest for each sample with FAM™-labeled
probes, simultaneously monitoring those for RNaseP gene
(an internal control) with its VIC®-labeled probe (ABI
PRISM 7900HT Sequence Detection System and SDS v2.3
software, both Applied Biosystems). These CT values of
the target gene and RNaseP gene were obtained for all
the DNA samples. Copy number of the target gene was
estimated from CT values by CopyCaller v1.0 software
(Applied Biosystems).

Statistics
The ADM-2 algorithm prompted by Genomic Workbench
software (edition 5.0.14, Agilent Technologies, 2010) was
used to identify individual and common aberrations for 48
microarray data sets. This algorithm identifies all aberrant
intervals with consistently high or low log ratios based on
the statistical score. The algorithm searches for intervals
where a statistical score based on the average quality-
weighted log ratio of the sample and reference channels
exceed a user-specified threshold. For the primary screen-
ing (Selection 1), we applied the following filtering options
to the human genome assembly hg19 (excluding sex chro-
mosomes): sensitivity threshold = 6, fuzzy zero =On, bin
size = 10, and centralization threshold = 6. We then se-
lected the primary candidate loci of somatic CNVs which
exhibited > =4 difference in gain/loss calls in the whole
penetrance summary.
To calculate mean signal OR and the probability of

CNVs between groups, we plotted individual log2 signal
ratios at all the probe sites within the above candidate
loci. The Kolmogorov − Smirnov test revealed that log2
signal ratios were judged to fit into the Gaussian distri-
bution at more than 80 % of probe sites. Assuming their
Gaussian distribution, we analyzed their statistical biases
against log2 = 0 (i.e., the null hypothesis of equal signal
intensities between patients and controls) by two tailed
t-test at each probe position. Within a candidate CNV

locus containing multiple probe sites, their log2 signal
ratios were averaged and probabilities were summed and
then subjected to Bonferroni’s correction (Selection 2).
Statistical difference of qPCR results between individual
sample pairs was determined with ANOVA or two tailed
t-test, incorporating technical errors into account. Alter-
natively, group differences of qPCR results from individual
samples were estimated by the chi-square and Mann–
Whitney U tests. Statistical analyses were performed using
SPSS software (IBM Japan, Tokyo, Japan).

Additional file

Additional file 1: Figure S1. A flowchart of the study design. Table S1.
Autopsy and clinical information of the subjects used. Table S2. List of
candidate CNV regions and their statistical details. Table S3. Custom
Taqman PCR primers and probes used.
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Quantitative polymerase chain reaction (qPCR)
To validate the results from the microarray experiments,
we performed qPCR using TaqMan probes (Applied
Biosystems, Foster City, CA) as described previously [32].
Gene dosages of the following genomic regions of interest
were measured for the sample pair sets that exhibited the
exclusive positive penetrance call with the Aberration
Detection Method 2 (ADM-2) algorithm; CC70L1J (1p13.3),
Hs03385437 (1p36.21), Hs04794356 (4q24), Hs05080419
(9q22.2), Hs03318079 (18q21.1), and Hs07134106 (19p12).
Using all the samples, we also determined the gene dos-
ages of the candidate CNV loci that exhibited lower prob-
ability scores by the global t-test analysis; Hs03587795
(6p22.1), Hs03265736 (7p21.3), Hs03765933 (11p15.4),
and Hs03298358 (13q21.1). DNA sequences of TaqMan
probes and PCR primers are shown in the Additional
file 1. We obtained cycle threshold (CT) values for the
region of interest for each sample with FAM™-labeled
probes, simultaneously monitoring those for RNaseP gene
(an internal control) with its VIC®-labeled probe (ABI
PRISM 7900HT Sequence Detection System and SDS v2.3
software, both Applied Biosystems). These CT values of
the target gene and RNaseP gene were obtained for all
the DNA samples. Copy number of the target gene was
estimated from CT values by CopyCaller v1.0 software
(Applied Biosystems).

Statistics
The ADM-2 algorithm prompted by Genomic Workbench
software (edition 5.0.14, Agilent Technologies, 2010) was
used to identify individual and common aberrations for 48
microarray data sets. This algorithm identifies all aberrant
intervals with consistently high or low log ratios based on
the statistical score. The algorithm searches for intervals
where a statistical score based on the average quality-
weighted log ratio of the sample and reference channels
exceed a user-specified threshold. For the primary screen-
ing (Selection 1), we applied the following filtering options
to the human genome assembly hg19 (excluding sex chro-
mosomes): sensitivity threshold = 6, fuzzy zero =On, bin
size = 10, and centralization threshold = 6. We then se-
lected the primary candidate loci of somatic CNVs which
exhibited > =4 difference in gain/loss calls in the whole
penetrance summary.
To calculate mean signal OR and the probability of

CNVs between groups, we plotted individual log2 signal
ratios at all the probe sites within the above candidate
loci. The Kolmogorov − Smirnov test revealed that log2
signal ratios were judged to fit into the Gaussian distri-
bution at more than 80 % of probe sites. Assuming their
Gaussian distribution, we analyzed their statistical biases
against log2 = 0 (i.e., the null hypothesis of equal signal
intensities between patients and controls) by two tailed
t-test at each probe position. Within a candidate CNV

locus containing multiple probe sites, their log2 signal
ratios were averaged and probabilities were summed and
then subjected to Bonferroni’s correction (Selection 2).
Statistical difference of qPCR results between individual
sample pairs was determined with ANOVA or two tailed
t-test, incorporating technical errors into account. Alter-
natively, group differences of qPCR results from individual
samples were estimated by the chi-square and Mann–
Whitney U tests. Statistical analyses were performed using
SPSS software (IBM Japan, Tokyo, Japan).
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Additional file 1: Figure S1. A flowchart of the study design. Table S1.
Autopsy and clinical information of the subjects used. Table S2. List of
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Abstract
Kainate-type glutamate receptors (KARs) are tetrameric
channels assembled from GluK1-5. GluK1-3 are low-affinity
subunits that form homomeric and heteromeric KARs, while
GluK4 and GluK5 are high-affinity subunits that require co-
assembly with GluK1-3 for functional expression. Although the
subunit composition is thought to be highly heterogeneous in
the brain, the distribution of KAR subunits at the protein level
and their relative abundance in given regions of the brain
remain largely unknown. In the present study, we titrated C-
terminal antibodies to each KAR subunit using chimeric
GluA2-GluK fusion proteins, and measured their relative
abundance in the P2 and post-synaptic density (PSD)
fractions of the adult mouse hippocampus and cerebellum.
Analytical western blots showed that GluK2 and GluK3 were
the major KAR subunits, with additional expression of GluK5 in
the hippocampus and cerebellum. In both regions, GluK4 was

very low and GluK1 was below the detection threshold. The
relative amount of low-affinity subunits (GluK2 plus GluK3)
was several times higher than that of high-affinity subunits
(GluK4 plus GluK5) in both regions. Of note, the highest ratio
of high-affinity subunits to low-affinity subunits was found in
the hippocampal PSD fraction (0.32), suggesting that hetero-
meric receptors consisting of high- and low-affinity subunits
highly accumulate at hippocampal synapses. In comparison,
this ratio was decreased to 0.15 in the cerebellar PSD fraction,
suggesting that KARs consisting of low-affinity subunits are
more prevalent in the cerebellum. Therefore, low-affinity
KAR subunits are predominant in the brain, with distinct
subunit combinations between the hippocampus and
cerebellum.
Keywords: antibody, GluK2, GluK3, kainate receptor,
quantification, western blot.
J. Neurochem. (2016) 136, 295–305.

A kainate type of the ionotropic glutamate receptor family
(KAR) is widely expressed in the central nervous system and
involved in neurotransmission (Lerma 2003, 2006; Pinheiro
and Mulle 2006; Contractor et al. 2011). There are five
members of KAR subunits, GluK1-GluK5, which signifi-
cantly differ in spatio-temporal patterns of expressions in the
brain (Wisden and Seeburg 1993). KAR subunits are
grouped into low-affinity subunits GluK1-GluK3, and high-
affinity subunits GluK4 and GluK5 (Bettler et al. 1992).
When expressed in cell lines or Xenopus oocytes, low-
affinity subunits can form functional homomeric KAR
channels (Bettler et al. 1990, 1992; Egebjerg et al. 1991),
while high-affinity subunits require any of GluK1-GluK3 to
form functional KAR channels (Herb et al. 1992; Sakimura
et al. 1992). KAR subunits are expressed in various neurons,
such as pyramidal neurons, granule cells, and inhibitory
interneurons in the hippocampus (Bahn et al. 1994; Bureau

et al. 1999) and Purkinje cells, granule cells, and inhibitory
interneurons in the cerebellum (Wisden and Seeburg 1993).
KAR-mediated responses are recorded in cerebellar neu-

rons (Renard et al. 1995; Savidge et al. 1999; Bureau et al.
2000), where GluK2 and GluK3 are mainly expressed
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channels assembled from GluK1-5. GluK1-3 are low-affinity
subunits that form homomeric and heteromeric KARs, while
GluK4 and GluK5 are high-affinity subunits that require co-
assembly with GluK1-3 for functional expression. Although the
subunit composition is thought to be highly heterogeneous in
the brain, the distribution of KAR subunits at the protein level
and their relative abundance in given regions of the brain
remain largely unknown. In the present study, we titrated C-
terminal antibodies to each KAR subunit using chimeric
GluA2-GluK fusion proteins, and measured their relative
abundance in the P2 and post-synaptic density (PSD)
fractions of the adult mouse hippocampus and cerebellum.
Analytical western blots showed that GluK2 and GluK3 were
the major KAR subunits, with additional expression of GluK5 in
the hippocampus and cerebellum. In both regions, GluK4 was
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relative amount of low-affinity subunits (GluK2 plus GluK3)
was several times higher than that of high-affinity subunits
(GluK4 plus GluK5) in both regions. Of note, the highest ratio
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the hippocampal PSD fraction (0.32), suggesting that hetero-
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A kainate type of the ionotropic glutamate receptor family
(KAR) is widely expressed in the central nervous system and
involved in neurotransmission (Lerma 2003, 2006; Pinheiro
and Mulle 2006; Contractor et al. 2011). There are five
members of KAR subunits, GluK1-GluK5, which signifi-
cantly differ in spatio-temporal patterns of expressions in the
brain (Wisden and Seeburg 1993). KAR subunits are
grouped into low-affinity subunits GluK1-GluK3, and high-
affinity subunits GluK4 and GluK5 (Bettler et al. 1992).
When expressed in cell lines or Xenopus oocytes, low-
affinity subunits can form functional homomeric KAR
channels (Bettler et al. 1990, 1992; Egebjerg et al. 1991),
while high-affinity subunits require any of GluK1-GluK3 to
form functional KAR channels (Herb et al. 1992; Sakimura
et al. 1992). KAR subunits are expressed in various neurons,
such as pyramidal neurons, granule cells, and inhibitory
interneurons in the hippocampus (Bahn et al. 1994; Bureau

et al. 1999) and Purkinje cells, granule cells, and inhibitory
interneurons in the cerebellum (Wisden and Seeburg 1993).
KAR-mediated responses are recorded in cerebellar neu-
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(Gallyas et al. 2003). KAR-mediated excitatory post-synap-
tic currents (EPSCs) are detectable at mossy fiber-CA3
synapses in the hippocampus, but are lost in GluK4/GluK5-
double knockout mice (Fernandes et al. 2009), suggesting
that low-affinity subunits alone are insufficient, and co-
expression of high-affinity subunits are essential, to form
functional KARs at this hippocampal synapse. Thus, the
composition of low-affinity and high-affinity KAR subunits
and their functional contribution appear to be differentially
regulated depending on the brain regions. Despite the wealth
of knowledge on expressions at the transcription level
(Wisden and Seeburg 1993), the distribution of KAR
subunits at the protein level and their relative abundance in
given regions of the brain remain largely unknown.
In the present study, we undertook this issue by testing the

specificity and standardizing the titer of C-terminal antibod-
ies to each KAR subunit using chimeric GluA2-GluK fusion
proteins. With this novel method, we studied the relative
abundance of KAR subunits in the adult mouse hippocampus
and cerebellum, and found that low-affinity subunits are
predominantly expressed in both regions.

Materials and methods

Animal experiments

All animal experiments were carried out in accordance with the
guidelines laid down by the animal welfare committees and the
ethics committees of Niigata University.

Fixation and sections

Under deep pentobarbital anesthesia (100 mg/kg body weight, ip.),
mice were fixed by transcardial perfusion with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.2) for chromogenic in situ
hybridization. After excision from the skull, brains were further
post-fixed for 3 days at 20�C and cryoprotected with 30% sucrose
in 0.1 M phosphate buffer, and cryosections (30 lm) were
prepared on a cryostat (CM1900; Leica Microsystems, Wetzlar,
Germany).

In situ hybridization

Mouse cDNA fragments of GluK1 (nucleotides 46–850 bp;
GenBank accession number, NM_146072), GluK2 (42–788,
NM_001111268), GluK3 (24–798, NM_001081097), GluK4
(59–889, NM_175481), and GluK5 (11–894, NM_008168) were
subcloned into pBluescript II plasmid vector. Digoxigenin-labeled
cRNA probes were transcribed in vitro (Yamasaki et al. 2010).
Fragmentation of riboprobes by alkaline digestion was omitted to
increase the sensitivity and specificity. The chromogenic in situ
hybridization was carried out as reported previously (Konno et al.
2014).

KAR-knockout mice

GluK2, GluK3, GluK4, and GluK5-knockout (KO) mice were
generated using ES cell line RENKA derived from C57BL/6N
(Mishina and Sakimura 2007). Detailed characterization of GluK2-
KO, GluK3-KO, and GluK5-KO mice was described in Figure S1.

Production of GluK4-KO mice was previously reported (Akashi
et al. 2009).

Antibody

We produced anti-GluK1 antibody in the guinea pig against C-
terminal 36 amino acid (aa) residues of mouse anti-GluK1 (898–
934, NM_146072) and anti-GluK3 antibody in the rabbit against C-
terminal 17 aa residues of mouse GluK3 (903–919,
NM_001081097). We also used rabbit polyclonal antibodies to
anti-GluK2 (Synaptic Systems, Goettingen, Germany), anti-GluK4
(Akashi et al. 2009), and anti-GluK5 (Millipore Corporation,
Bedford, MA, USA), which were raised against the C-terminal 55
aa residues of rat GluK2 (844–908, NM_019309), C-terminal 91 aa
of mouse GluK4 (866–896, NM_175481) and C-terminal 21 aa of
rat GluK5 (960–979, NM_031508).

RT-PCR

Total RNA was isolated from whole brains of adult and post-natal
day 3 (P3) mice using TRIzol LS Reagent (Thermo Fisher Scientific
Inc., Waltham, MA, USA) following the protocol of the manufac-
turer. Semiquantitative reverse transcription (RT)-PCR was per-
formed using an RT-PCR kit from Clontech (Takara, Tokyo, Japan).
Briefly, 1 lg of total RNA was reverse transcribed using random
hexamer primers for 1 h at 42°C. The resulting cDNA was
appropriately diluted, and amplified using the following primers:
GluK1 (exon 10–12), sense, 50-TCGCTTGCCTAGGAGTCAGT-
30; antisense, 50-GGGTGAAAAACCACCATATTC-30; glyceralde-
hyde-3-phosphate dehydrogenase, sense, 50-AGGTCGGTGTGA
ACGGATTTG-30; antisense, 50-TGTAGACCATGTAGTTGAGGT
CA-30. Amplified products were electrophoresed and visualized by
ethidium bromide staining. The relative expression of GluK1 was
measured after scanning the bands with a CS Analyzer ver.3.0
(ATTO, Tokyo, Japan).

Construction of chimeric proteins

To standardize the titer of each C-terminal antibody, we generated
standard chimeric proteins consisting of mouse GluA2 subunit (1–
833 aa, NM_013540) in the N-terminal side and mouse KAR
subunits (GluK1, 841–934; GluK2, 841–908; GluK3, 842–919;
GluK4, 826–952; GluK5, 825–979) in the C-terminal side
(Fig. 3a). cDNAs for these chimeric proteins were subcloned into
the pEF-BOS vector (Mizushima and Nagata 1990). Plasmid
vectors were transiently transfected into COS-7 cells and/or
HEK293 cells using the Plus Reagent and Lipofectamine Reagent
(Invitrogen, Carlsbad, CA, USA) grown in the Dulbecco’s
Modified Eagle Medium containing 10% fetal bovine serum at
37°C in 5% CO2. 24 h after transfection, cells were lysed at 4°C in
the sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 3.3%
glycerol, 125 mM Tris-HCl, pH 7.4). The extract was centrifuged
at 10 000g for 10–20 min to remove cell debris, and the
supernatant was used for SDS–Polyacrylamide Gel Electrophoresis
(SDS-PAGE) experiments.

Preparation of brain samples

C57BL/6N mice were purchased from Charles River Laboratories
Japan (Yokohama, Japan), and were decapitated by cervical
dislocation. Whole brains from P3 and adulthood (7–12 weeks of
age) were homogenized in the homogenate buffer (0.32 M sucrose,
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5 mM EDTA, 5 mM HEPES-NaOH, pH 7.4, complete protease
inhibitor cocktail tablet; Roche, Mannheim, Germany). After
measuring the total protein concentration by the bicinchoninic
acid (BCA) Protein Assay Reagent (Thermofisher Scientific Inc.),
the whole brain lysates were recovered in the SDS sample buffer
and used for western blot analysis. Fractionated protein samples
were prepared from the hippocampus and cerebellum of adult male
C57BL/6N mice and of adult male GluK2-KO, GluK3-KO,
GluK4-KO, and GluK5-KO mice. Preparation of fractionated
protein samples and western blot was performed as previously
described (Abe et al. 2004; Fukaya et al. 2006; Yamazaki et al.
2010). Brain tissues were excised and homogenized in the
homogenate buffer and centrifuged at 1000g for 10 min. The
resulting supernatants were then centrifuged at 10 000g for 10 min
to obtain P2 fractions. The pellets were resuspended with
homogenate buffer and aliquoted for P2 fraction, and the remaining
samples were further separated on a sucrose density gradient (0.32,
0.8 and 1.2 M sucrose) by ultracentrifugation at 90 000g for 2 h at
2°C to obtain synaptosomal fractions. Triton X-100 was added to
the aliquot samples to a final concentration of 1% and incubated at
2°C for 30 min and centrifuged at 10 000g for 10 min at 2°C to
obtain P2 fractions. To prepare PSD fraction, the synaptosomal
fraction was further solubilized with 0.5% Triton X-100 and then
centrifuged at 200 000g for 1 h. The resulting pellet (PSD fraction)
was suspended in 1% SDS, 40 mM Tris-HCl, pH 8.0 and diluted
in SDS sample buffer. Protein sample of each fraction was heated
at 100°C for 5 min in the presence of 2-mercaptoethanol and
0.002% Bromophenol blue and subjected to SDS-PAGE for
western blot.

Western blot

Protein samples were separated by 8% SDS-PAGE under reducing
conditions and electrophoretically transferred to a nitrocellulose
membrane (Amersham, Buckinghamshire, UK). Membranes were
blocked with 5% non-fat milk with Tris-buffered saline-Tween 20
(TBS-T) (137 mM NaCl, 0.1% Tween 20, 20 mM Tris-HCl, pH
7.6) for 1 h at 20�C. After washing for 30 min with three changes of
TBS-T, membranes were incubated with each primary antibody
(1 lg/mL) in TBS-T for 3–4 h at 20�C. After three washes with
TBS-T, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at 20�C in TBS-T. After
three washes with TBS-T, proteins were visualized with enhanced
chemiluminescence (ECL) (GE Healthcare, Piscataway Township,
NJ, USA and EZ capture MG; ATTO, Tokyo, Japan) using a
medical X-ray film (FUJIFILM Corporation, Tokyo, Japan) and a
luminescence image analyzer with an electronically cooled charge-
coupled device camera (LAS-4000 mini; GE Healthcare).

Quantitative analysis of western blot

Signal intensities of immunoreacted bands were determined by
densitometric measurement using ImageJ software (available from
the US National Institutes of Health), imageQuant TL (GE
Healthcare) and CS Analyzer ver.3.0 (ATTO).

Statistical analysis

All data are presented as mean � SE. Groups were compared using
the two-tailed, unpaired Student’s t-test. Statistical significance is
indicated as follows: ***p < 0.001.

Results

GluK1-5 mRNA expressions in the mouse brain

Distinct regional expression patterns of mRNAs for five GluK
subunits have been reported in the rat brain (Wisden and
Seeburg 1993; Bahn et al. 1994). In this study, we performed
in situ hybridization for GluK1-5 mRNAs in the adult mouse
brain using Digoxigenin-labeled cRNA probes, with special
interest in the hippocampus and cerebellum (Fig. 1). Expres-
sion levels were generally low for GluK1 mRNA, but the
hybridizing signals were selective to interneurons in the
hippocampus and Purkinje cells in the cerebellum (Fig. 1a,f,k
and p). GluK2 mRNA was widely expressed, with intense
signals in the olfactory bulb, striatum, hippocampus, and
cerebellum (Fig. 1b). In the hippocampus, GluK2 mRNAwas
expressed in both principal neurons (i.e., pyramidal and
granule cells) and interneurons, which were identified as cells
forming compact pyramidal cell and granule cell layers or
cells dispersed inside and outside the layers respectively. The
intensity of GluK2 mRNA expression was in the order of the
dentate gyrus > CA3 > CA1 (Fig. 1g). In the cerebellum,
granule cells expressed GluK2 mRNA intensely (Fig. 1l and
q). GluK3 mRNA was moderately expressed in the cerebral
cortex, hippocampus and cerebellum (Fig. 1c). GluK3
mRNA was detected in granule cells in the dentate gyrus,
interneurons in the hippocampal Ammon’s horn, and
interneurons in the cerebellum; cerebellar interneurons were
identified as cells dispersed in the molecular and granular
layers (Fig. 1h,m and r). Expression levels were generally
low for GluK4 mRNA, but intense signals were noted in
pyramidal cells in the hippocampal CA3, granule cells in the
dentate gyrus, and Purkinje cells in the cerebellum (Fig. 1d,i,
n and s). Strong signals for GluK5 mRNA were found in the
whole brain, especially in pyramidal cells in the hippocampal
CA1-CA3, granule cells in the dentate gyrus, and interneu-
rons and granule cells in the cerebellum (Fig. 1e,j,o and t).
These distinct regional and cellular expressions in the adult
mouse brain were consistent with those in the adult rat brain
(Wisden and Seeburg 1993). We then examined how the
distinct regional expressions of respective GluK subunits
were reflected at the protein level.

Specificity of GluK antibodies

We checked the specificity of GluK2-5 antibodies with
western blot analysis using hippocampal extracts from wild-
type and GluK-defective mutant mice (Fig. 2a). Each of
GluK2-5 antibodies recognized protein bands at expected
molecular weights in the hippocampus of wild-type mice:
GluK2, 102 kDa; GluK3, 104 kDa; GluK4, 107 kDa;
GluK5, 109 kDa. No such bands were detected in the
hippocampus of mutant mice lacking the corresponding
GluK subunits. These results verify the specificity of these
GluK2-5 antibodies and further indicate their applicability to
quantitative western blot analysis.
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(Gallyas et al. 2003). KAR-mediated excitatory post-synap-
tic currents (EPSCs) are detectable at mossy fiber-CA3
synapses in the hippocampus, but are lost in GluK4/GluK5-
double knockout mice (Fernandes et al. 2009), suggesting
that low-affinity subunits alone are insufficient, and co-
expression of high-affinity subunits are essential, to form
functional KARs at this hippocampal synapse. Thus, the
composition of low-affinity and high-affinity KAR subunits
and their functional contribution appear to be differentially
regulated depending on the brain regions. Despite the wealth
of knowledge on expressions at the transcription level
(Wisden and Seeburg 1993), the distribution of KAR
subunits at the protein level and their relative abundance in
given regions of the brain remain largely unknown.
In the present study, we undertook this issue by testing the

specificity and standardizing the titer of C-terminal antibod-
ies to each KAR subunit using chimeric GluA2-GluK fusion
proteins. With this novel method, we studied the relative
abundance of KAR subunits in the adult mouse hippocampus
and cerebellum, and found that low-affinity subunits are
predominantly expressed in both regions.

Materials and methods

Animal experiments

All animal experiments were carried out in accordance with the
guidelines laid down by the animal welfare committees and the
ethics committees of Niigata University.

Fixation and sections

Under deep pentobarbital anesthesia (100 mg/kg body weight, ip.),
mice were fixed by transcardial perfusion with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.2) for chromogenic in situ
hybridization. After excision from the skull, brains were further
post-fixed for 3 days at 20�C and cryoprotected with 30% sucrose
in 0.1 M phosphate buffer, and cryosections (30 lm) were
prepared on a cryostat (CM1900; Leica Microsystems, Wetzlar,
Germany).

In situ hybridization

Mouse cDNA fragments of GluK1 (nucleotides 46–850 bp;
GenBank accession number, NM_146072), GluK2 (42–788,
NM_001111268), GluK3 (24–798, NM_001081097), GluK4
(59–889, NM_175481), and GluK5 (11–894, NM_008168) were
subcloned into pBluescript II plasmid vector. Digoxigenin-labeled
cRNA probes were transcribed in vitro (Yamasaki et al. 2010).
Fragmentation of riboprobes by alkaline digestion was omitted to
increase the sensitivity and specificity. The chromogenic in situ
hybridization was carried out as reported previously (Konno et al.
2014).

KAR-knockout mice

GluK2, GluK3, GluK4, and GluK5-knockout (KO) mice were
generated using ES cell line RENKA derived from C57BL/6N
(Mishina and Sakimura 2007). Detailed characterization of GluK2-
KO, GluK3-KO, and GluK5-KO mice was described in Figure S1.

Production of GluK4-KO mice was previously reported (Akashi
et al. 2009).

Antibody

We produced anti-GluK1 antibody in the guinea pig against C-
terminal 36 amino acid (aa) residues of mouse anti-GluK1 (898–
934, NM_146072) and anti-GluK3 antibody in the rabbit against C-
terminal 17 aa residues of mouse GluK3 (903–919,
NM_001081097). We also used rabbit polyclonal antibodies to
anti-GluK2 (Synaptic Systems, Goettingen, Germany), anti-GluK4
(Akashi et al. 2009), and anti-GluK5 (Millipore Corporation,
Bedford, MA, USA), which were raised against the C-terminal 55
aa residues of rat GluK2 (844–908, NM_019309), C-terminal 91 aa
of mouse GluK4 (866–896, NM_175481) and C-terminal 21 aa of
rat GluK5 (960–979, NM_031508).

RT-PCR

Total RNA was isolated from whole brains of adult and post-natal
day 3 (P3) mice using TRIzol LS Reagent (Thermo Fisher Scientific
Inc., Waltham, MA, USA) following the protocol of the manufac-
turer. Semiquantitative reverse transcription (RT)-PCR was per-
formed using an RT-PCR kit from Clontech (Takara, Tokyo, Japan).
Briefly, 1 lg of total RNA was reverse transcribed using random
hexamer primers for 1 h at 42°C. The resulting cDNA was
appropriately diluted, and amplified using the following primers:
GluK1 (exon 10–12), sense, 50-TCGCTTGCCTAGGAGTCAGT-
30; antisense, 50-GGGTGAAAAACCACCATATTC-30; glyceralde-
hyde-3-phosphate dehydrogenase, sense, 50-AGGTCGGTGTGA
ACGGATTTG-30; antisense, 50-TGTAGACCATGTAGTTGAGGT
CA-30. Amplified products were electrophoresed and visualized by
ethidium bromide staining. The relative expression of GluK1 was
measured after scanning the bands with a CS Analyzer ver.3.0
(ATTO, Tokyo, Japan).

Construction of chimeric proteins

To standardize the titer of each C-terminal antibody, we generated
standard chimeric proteins consisting of mouse GluA2 subunit (1–
833 aa, NM_013540) in the N-terminal side and mouse KAR
subunits (GluK1, 841–934; GluK2, 841–908; GluK3, 842–919;
GluK4, 826–952; GluK5, 825–979) in the C-terminal side
(Fig. 3a). cDNAs for these chimeric proteins were subcloned into
the pEF-BOS vector (Mizushima and Nagata 1990). Plasmid
vectors were transiently transfected into COS-7 cells and/or
HEK293 cells using the Plus Reagent and Lipofectamine Reagent
(Invitrogen, Carlsbad, CA, USA) grown in the Dulbecco’s
Modified Eagle Medium containing 10% fetal bovine serum at
37°C in 5% CO2. 24 h after transfection, cells were lysed at 4°C in
the sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 3.3%
glycerol, 125 mM Tris-HCl, pH 7.4). The extract was centrifuged
at 10 000g for 10–20 min to remove cell debris, and the
supernatant was used for SDS–Polyacrylamide Gel Electrophoresis
(SDS-PAGE) experiments.

Preparation of brain samples

C57BL/6N mice were purchased from Charles River Laboratories
Japan (Yokohama, Japan), and were decapitated by cervical
dislocation. Whole brains from P3 and adulthood (7–12 weeks of
age) were homogenized in the homogenate buffer (0.32 M sucrose,
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5 mM EDTA, 5 mM HEPES-NaOH, pH 7.4, complete protease
inhibitor cocktail tablet; Roche, Mannheim, Germany). After
measuring the total protein concentration by the bicinchoninic
acid (BCA) Protein Assay Reagent (Thermofisher Scientific Inc.),
the whole brain lysates were recovered in the SDS sample buffer
and used for western blot analysis. Fractionated protein samples
were prepared from the hippocampus and cerebellum of adult male
C57BL/6N mice and of adult male GluK2-KO, GluK3-KO,
GluK4-KO, and GluK5-KO mice. Preparation of fractionated
protein samples and western blot was performed as previously
described (Abe et al. 2004; Fukaya et al. 2006; Yamazaki et al.
2010). Brain tissues were excised and homogenized in the
homogenate buffer and centrifuged at 1000g for 10 min. The
resulting supernatants were then centrifuged at 10 000g for 10 min
to obtain P2 fractions. The pellets were resuspended with
homogenate buffer and aliquoted for P2 fraction, and the remaining
samples were further separated on a sucrose density gradient (0.32,
0.8 and 1.2 M sucrose) by ultracentrifugation at 90 000g for 2 h at
2°C to obtain synaptosomal fractions. Triton X-100 was added to
the aliquot samples to a final concentration of 1% and incubated at
2°C for 30 min and centrifuged at 10 000g for 10 min at 2°C to
obtain P2 fractions. To prepare PSD fraction, the synaptosomal
fraction was further solubilized with 0.5% Triton X-100 and then
centrifuged at 200 000g for 1 h. The resulting pellet (PSD fraction)
was suspended in 1% SDS, 40 mM Tris-HCl, pH 8.0 and diluted
in SDS sample buffer. Protein sample of each fraction was heated
at 100°C for 5 min in the presence of 2-mercaptoethanol and
0.002% Bromophenol blue and subjected to SDS-PAGE for
western blot.

Western blot

Protein samples were separated by 8% SDS-PAGE under reducing
conditions and electrophoretically transferred to a nitrocellulose
membrane (Amersham, Buckinghamshire, UK). Membranes were
blocked with 5% non-fat milk with Tris-buffered saline-Tween 20
(TBS-T) (137 mM NaCl, 0.1% Tween 20, 20 mM Tris-HCl, pH
7.6) for 1 h at 20�C. After washing for 30 min with three changes of
TBS-T, membranes were incubated with each primary antibody
(1 lg/mL) in TBS-T for 3–4 h at 20�C. After three washes with
TBS-T, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at 20�C in TBS-T. After
three washes with TBS-T, proteins were visualized with enhanced
chemiluminescence (ECL) (GE Healthcare, Piscataway Township,
NJ, USA and EZ capture MG; ATTO, Tokyo, Japan) using a
medical X-ray film (FUJIFILM Corporation, Tokyo, Japan) and a
luminescence image analyzer with an electronically cooled charge-
coupled device camera (LAS-4000 mini; GE Healthcare).

Quantitative analysis of western blot

Signal intensities of immunoreacted bands were determined by
densitometric measurement using ImageJ software (available from
the US National Institutes of Health), imageQuant TL (GE
Healthcare) and CS Analyzer ver.3.0 (ATTO).

Statistical analysis

All data are presented as mean � SE. Groups were compared using
the two-tailed, unpaired Student’s t-test. Statistical significance is
indicated as follows: ***p < 0.001.

Results

GluK1-5 mRNA expressions in the mouse brain

Distinct regional expression patterns of mRNAs for five GluK
subunits have been reported in the rat brain (Wisden and
Seeburg 1993; Bahn et al. 1994). In this study, we performed
in situ hybridization for GluK1-5 mRNAs in the adult mouse
brain using Digoxigenin-labeled cRNA probes, with special
interest in the hippocampus and cerebellum (Fig. 1). Expres-
sion levels were generally low for GluK1 mRNA, but the
hybridizing signals were selective to interneurons in the
hippocampus and Purkinje cells in the cerebellum (Fig. 1a,f,k
and p). GluK2 mRNA was widely expressed, with intense
signals in the olfactory bulb, striatum, hippocampus, and
cerebellum (Fig. 1b). In the hippocampus, GluK2 mRNAwas
expressed in both principal neurons (i.e., pyramidal and
granule cells) and interneurons, which were identified as cells
forming compact pyramidal cell and granule cell layers or
cells dispersed inside and outside the layers respectively. The
intensity of GluK2 mRNA expression was in the order of the
dentate gyrus > CA3 > CA1 (Fig. 1g). In the cerebellum,
granule cells expressed GluK2 mRNA intensely (Fig. 1l and
q). GluK3 mRNA was moderately expressed in the cerebral
cortex, hippocampus and cerebellum (Fig. 1c). GluK3
mRNA was detected in granule cells in the dentate gyrus,
interneurons in the hippocampal Ammon’s horn, and
interneurons in the cerebellum; cerebellar interneurons were
identified as cells dispersed in the molecular and granular
layers (Fig. 1h,m and r). Expression levels were generally
low for GluK4 mRNA, but intense signals were noted in
pyramidal cells in the hippocampal CA3, granule cells in the
dentate gyrus, and Purkinje cells in the cerebellum (Fig. 1d,i,
n and s). Strong signals for GluK5 mRNA were found in the
whole brain, especially in pyramidal cells in the hippocampal
CA1-CA3, granule cells in the dentate gyrus, and interneu-
rons and granule cells in the cerebellum (Fig. 1e,j,o and t).
These distinct regional and cellular expressions in the adult
mouse brain were consistent with those in the adult rat brain
(Wisden and Seeburg 1993). We then examined how the
distinct regional expressions of respective GluK subunits
were reflected at the protein level.

Specificity of GluK antibodies

We checked the specificity of GluK2-5 antibodies with
western blot analysis using hippocampal extracts from wild-
type and GluK-defective mutant mice (Fig. 2a). Each of
GluK2-5 antibodies recognized protein bands at expected
molecular weights in the hippocampus of wild-type mice:
GluK2, 102 kDa; GluK3, 104 kDa; GluK4, 107 kDa;
GluK5, 109 kDa. No such bands were detected in the
hippocampus of mutant mice lacking the corresponding
GluK subunits. These results verify the specificity of these
GluK2-5 antibodies and further indicate their applicability to
quantitative western blot analysis.
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Because commercially available GluK1 antibody was
found to cross-react to GluK2 (Figure S2), we produced
GluK1 antibody in the guinea pig. To test the specificity of
guinea pig GluK1 antibody, we used lysates of COS-7 and
HEK293 cells transfected with GluK1-3 cDNAs, and found
selective protein band in GluK1-transfected lysates (Fig. 2b).
However, no protein bands were observed in the extracts
from adult wild-type cerebellum and striatum. Because
transcription levels of GluK1 were transiently increased

during the perinatal period (Bettler et al. 1990; Bahn et al.
1994; Figure S3), we examined brain lysates prepared from
post-natal day 3 (P3) and adult mice. A putative GluK1
protein band just above 100 kDa was faintly detected in
brains at P3, but not in adulthood (Fig. 2c). This indicates
that the amount of GluK1 proteins is below the detection
threshold in adult brains when using this GluK1 antibody.
Thus, we measured GluK2-5 protein levels in the subsequent
analyses.

Fig. 2 Characterization of each anti-GluK
subunit antibody. (a) Hippocampal lysate
(30–40 lg) of wild type and GluK2, GluK3,
GluK4, and GluK5-knockout (KO) mice

were examined by western blot analyses
with anti-GluK2 (Synaptic systems), anti-
GluK3, anti-GluK4 (ours), and anti-GluK5

(Millipore) antibodies. Asterisks show
correct bands of GluK2, GluK3, GluK4,
and GluK5. (b) Characterization of guinea

pig anti-GluK1 C36 antibody with
recombinant GluK1-GluK3 proteins and
brain P2 fractions prepared from

cerebellum (Cb.) and striatum (St.),
indicating no cross-reactivity to GluK2 and
GluK3. (c) Whole brain lysates (50 lg) from
juvenile (P3) (WT pool 1, pool 2, pool 3) and

adult mice were loaded and detected with
our anti-GluK1 C36 antibody.

(a)

(b)
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Fig. 1 Expression of kainate-type

glutamate receptor (KAR) subunit mRNAs
in mouse brain. In situ hybridization with
specific RNA probes for KAR subunits: (a)

GluK1 (b) GluK2 (c) GluK3 (d) GluK4 (e)
GluK5, in C57BL/6N mouse whole brain.
High power images of hippocampal and
cerebellar layer structures; (f, k, p) GluK1,

(g, l, q) GluK2, (h, m, r) GluK3, (i, n, s)
GluK4, (j, o, t) GluK5. CA1-3, CA1-3 regions
of the Ammon’s horn; DG, dentate gyrus;

GL, granular layer; ML, molecular layer;
PCL, Purkinje cell layer. Arabic numerals
indicate cerebellar lobules. Scale bars: a–e,

1 mm; f–j, 200 lm; k–o, 100 lm; p–t,
100 lm.
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Titration of GluK antibodies

We titrated GluK2-5 antibodies using GluA2-KAR chi-
meric proteins, in which the C-terminal sequence of GluA2
(downstream to the M4 domain) was replaced with that of
GluK2-5 (Fig. 3a). Because all of the GluK2-5 antibodies
were raised against the C-terminal regions, the titer of
GluK2-5 antibodies could be standardized by using GluA2
antibody raised against the N-terminal domain (Fig. 3b).
The densitometric measurement of protein bands for
different loads of chimeric proteins showed linear dose-
intensity plots for each of GluK2-5 and GluA2 antibodies
(Fig. 3c). Since an extreme difference in the intensities

between chimeric protein bands detected by GluA2 and
GluK2-5 antibodies failed to stabilize their titer ratio, we
used each of their signal intensities from the same range
and generated standard curves (Fig. 3c). From these
plots, the titer ratios of GluK2-5 antibodies were calculated
to be 8.0, 2.4, 30.5, and 24.6 times that of GluA2
antibody.

Relative amounts of GluK in hippocampus and cerebellum

Using the titer ratios, we estimated the relative amount of
GluK2-5 proteins in the P2 and PSD fractions prepared from
the hippocampus and cerebellum (Figs 4 and 5). The

Fig. 3 Unique method of GluK subunits determination by western blot.
(a) Scheme of a chimeric protein of GluA2K2-GluA2K5 used for

quantification analysis whose N-terminal GluA2 was fused with four C-
terminal GluK2-5. Each titer was corrected by the titer of anti-GluA2 N-
terminal antibody, and used for quantitative analysis of the four GluK

subunits. (b) Chimeric proteins prepared from COS-7 cells or HEK293
cells were used for determining the ratio of antibody titers. Each
antibody binds to chimeric protein depending on each affinity titer, and
this reaction can be seen as western blot band signals. (c) Western

blot for determination of each titer of GluK2-5 antibodies with chimeric
GluA2K2-5 proteins detected by GluA2 antibody and GluK2-5 anti-

bodies. Each number of loaded samples of transfected cell lysates
represents protein amount (lg). Examples of standard curves of
GluA2K2-5 signal intensities detected by anti-GluA2 antibody (black

square) and anti-GluK2-5 antibodies (white square) are shown. The
ratios of anti-GluK2-5 antibody titers to anti-GluA2 antibody were
determined by using GluA2K2-5 intensities.
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Because commercially available GluK1 antibody was
found to cross-react to GluK2 (Figure S2), we produced
GluK1 antibody in the guinea pig. To test the specificity of
guinea pig GluK1 antibody, we used lysates of COS-7 and
HEK293 cells transfected with GluK1-3 cDNAs, and found
selective protein band in GluK1-transfected lysates (Fig. 2b).
However, no protein bands were observed in the extracts
from adult wild-type cerebellum and striatum. Because
transcription levels of GluK1 were transiently increased

during the perinatal period (Bettler et al. 1990; Bahn et al.
1994; Figure S3), we examined brain lysates prepared from
post-natal day 3 (P3) and adult mice. A putative GluK1
protein band just above 100 kDa was faintly detected in
brains at P3, but not in adulthood (Fig. 2c). This indicates
that the amount of GluK1 proteins is below the detection
threshold in adult brains when using this GluK1 antibody.
Thus, we measured GluK2-5 protein levels in the subsequent
analyses.

Fig. 2 Characterization of each anti-GluK
subunit antibody. (a) Hippocampal lysate
(30–40 lg) of wild type and GluK2, GluK3,
GluK4, and GluK5-knockout (KO) mice

were examined by western blot analyses
with anti-GluK2 (Synaptic systems), anti-
GluK3, anti-GluK4 (ours), and anti-GluK5

(Millipore) antibodies. Asterisks show
correct bands of GluK2, GluK3, GluK4,
and GluK5. (b) Characterization of guinea

pig anti-GluK1 C36 antibody with
recombinant GluK1-GluK3 proteins and
brain P2 fractions prepared from

cerebellum (Cb.) and striatum (St.),
indicating no cross-reactivity to GluK2 and
GluK3. (c) Whole brain lysates (50 lg) from
juvenile (P3) (WT pool 1, pool 2, pool 3) and

adult mice were loaded and detected with
our anti-GluK1 C36 antibody.

(a)

(b)

(c)

(d)

(e)
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(k)
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(r)

(s)
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Fig. 1 Expression of kainate-type

glutamate receptor (KAR) subunit mRNAs
in mouse brain. In situ hybridization with
specific RNA probes for KAR subunits: (a)

GluK1 (b) GluK2 (c) GluK3 (d) GluK4 (e)
GluK5, in C57BL/6N mouse whole brain.
High power images of hippocampal and
cerebellar layer structures; (f, k, p) GluK1,

(g, l, q) GluK2, (h, m, r) GluK3, (i, n, s)
GluK4, (j, o, t) GluK5. CA1-3, CA1-3 regions
of the Ammon’s horn; DG, dentate gyrus;

GL, granular layer; ML, molecular layer;
PCL, Purkinje cell layer. Arabic numerals
indicate cerebellar lobules. Scale bars: a–e,

1 mm; f–j, 200 lm; k–o, 100 lm; p–t,
100 lm.
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Titration of GluK antibodies

We titrated GluK2-5 antibodies using GluA2-KAR chi-
meric proteins, in which the C-terminal sequence of GluA2
(downstream to the M4 domain) was replaced with that of
GluK2-5 (Fig. 3a). Because all of the GluK2-5 antibodies
were raised against the C-terminal regions, the titer of
GluK2-5 antibodies could be standardized by using GluA2
antibody raised against the N-terminal domain (Fig. 3b).
The densitometric measurement of protein bands for
different loads of chimeric proteins showed linear dose-
intensity plots for each of GluK2-5 and GluA2 antibodies
(Fig. 3c). Since an extreme difference in the intensities

between chimeric protein bands detected by GluA2 and
GluK2-5 antibodies failed to stabilize their titer ratio, we
used each of their signal intensities from the same range
and generated standard curves (Fig. 3c). From these
plots, the titer ratios of GluK2-5 antibodies were calculated
to be 8.0, 2.4, 30.5, and 24.6 times that of GluA2
antibody.

Relative amounts of GluK in hippocampus and cerebellum

Using the titer ratios, we estimated the relative amount of
GluK2-5 proteins in the P2 and PSD fractions prepared from
the hippocampus and cerebellum (Figs 4 and 5). The

Fig. 3 Unique method of GluK subunits determination by western blot.
(a) Scheme of a chimeric protein of GluA2K2-GluA2K5 used for

quantification analysis whose N-terminal GluA2 was fused with four C-
terminal GluK2-5. Each titer was corrected by the titer of anti-GluA2 N-
terminal antibody, and used for quantitative analysis of the four GluK

subunits. (b) Chimeric proteins prepared from COS-7 cells or HEK293
cells were used for determining the ratio of antibody titers. Each
antibody binds to chimeric protein depending on each affinity titer, and
this reaction can be seen as western blot band signals. (c) Western

blot for determination of each titer of GluK2-5 antibodies with chimeric
GluA2K2-5 proteins detected by GluA2 antibody and GluK2-5 anti-

bodies. Each number of loaded samples of transfected cell lysates
represents protein amount (lg). Examples of standard curves of
GluA2K2-5 signal intensities detected by anti-GluA2 antibody (black

square) and anti-GluK2-5 antibodies (white square) are shown. The
ratios of anti-GluK2-5 antibody titers to anti-GluA2 antibody were
determined by using GluA2K2-5 intensities.
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amounts of loaded protein samples on western blots were
changed according to the titer of each antibody and subunit
content in each fraction, as summarized in Table S1. We
generated standard curves of chimeric proteins and endoge-
nous proteins (GluA2, GluK2-5) in every experiments
(n = 3). A representative example is shown in Figure S4,
where we made four standard curves of GluA2K2 detected
by GluA2 antibody, GluA2K2 detected by GluK2 antibody,
GluA2 in hippocampal PSD fraction, and GluK2 in
hippocampal PSD fraction in the same intensity range
(< 30000 (intensity), see vertical axis in Figure S4). Using
these standard curves, we titrated their titer ratio and
determined the ratio of GluK2 to GluA2. The western blot
images (Figs 4a and 5a) are of one of those experiments
determining GluK2-GluK5. We averaged the amounts of
GluK2-5 proteins relative to GluA2 protein in each exper-
iment (GluK2-GluK5, n = 3, respectively), as shown in the
graph and table (Figs 4b and 5b).
In the hippocampus, GluK2, GluK3, GluK4, and GluK5

amounted to 9.2 � 0.8%, 3.5 � 1.0%, 0.77 � 0.30%, and
2.0 � 0.3%, respectively, of GluA2 in the P2 fraction (n = 3
for each), and to 7.0 � 0.6%, 4.2 � 0.8%, 0.47 � 0.09%,
and 3.1 � 0.2%, respectively, of GluA2 in the PSD fraction

(n = 3 for each) (Fig. 4b). In the cerebellum, GluK2, GluK3,
GluK4, and GluK5 amounted to 22 � 2%, 17 � 4%,
1.9 � 0.4%, and 2.8 � 0.5%, respectively, of GluA2 in
the P2 fraction (n = 3 for each), and to 9.9 � 2.4%,
7.3 � 1.0%, 1.1 � 0.1%, and 1.4 � 0.2%, respectively, of
GluA2 in the PSD fraction (n = 3 for each) (Fig. 5b). These
data show that the composition of GluK2-5 subunits is
different depending on the brain regions and biochemical
fractions, with GluK2 being the major component in the
hippocampus and cerebellum.
By setting the relative amount of GluK2 in each fraction as

1.00, we compared the ratio of four GluK subunits among the
four hippocampal and cerebellar fractions (Fig. 6a). In all
fractions, the relative abundance of GluK2-5 subunits was in
the order of GluK2 > GluK3 > GluK5 > GluK4, with rel-
ative enrichment of GluK3 in the cerebellar fractions and of
GluK5 in the hippocampal PSD fraction (Fig. 6a). To
simplify the understanding of composition of GluK subunits
in each fraction, we also set GluK2 in the hippocampus P2
fraction as 1.00 and compared the ratio between the P2 and
PSD fractions in the hippocampus and cerebellum (Fig. 6b).
When collectively calculating low-affinity subunits (GluK2
plus GluK3) as 1.00, the ratio of high-affinity subunits

Fig. 4 Determination of GluK subunits in hippocampus. (a) Analytical
western blots of GluK subunits in P2 and post-synaptic density (PSD)
fractions of hippocampus. Graded dilutions of hippocampal P2 and

PSD fractions and each of chimeric GluA2K were subjected to
analytical western blot. In order to simplify the picture, loaded protein
amounts are indicated with relative one (see Table S1). The molecular

weights are growing larger, in the order of GluA2 < GluA2K2-

5 < GluK2-5. Arrow heads show correct bands of kainate-type gluta-
mate receptor (KAR) subunits. (b) The ratios of KAR GluK2, GluK3,
GluK4 and GluK5 to GluA2. Ratios of KAR subunits in hippocampal P2

and PSD fractions are shown in the table and the bar graphs. The
ratios of GluK2 (white), GluK3 (gray), GluK4 (stripe), and GluK5 (black)
are normalized by the amount of GluA2 in each brain region and

fraction. Error bars represent SEM.
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(GluK4 plus GluK5) was higher in the hippocampus (0.22 in
the P2 and 0.32 in the PSD fraction) than in the cerebellum
(0.12. and 0.15 respectively). By setting the relative amount
in the P2 fraction as 1.00 in each region, each GluK subunit
showed 3–5-fold enrichment in the PSD fraction of the
hippocampus and cerebellum (Table 1).

Discussion

In the present study, the relative amount of KAR subunits
was compared by standardizing the titer of KAR subunit
antibodies using chimeric GluA2-GluK fusion proteins.
Based on the titrated antibodies, we examined the relative
amount of each KAR subunit in biochemical fractions
prepared from the adult mouse hippocampus and cerebellum.
This method enabled the assessment of the amount of KAR

subunits relative to GluA2 subunit in the same biochemical
fractions. Compared to standardized immunoblot analysis
using endogenous standard proteins, such as actin, this method
is advantageous in that it is applicable to the comparison of
relative amounts of multiple subunits using different antibod-
ies. Although its low sensitivity such as inability of GluK1
detection in the adult mouse brain is to be further improved,
the reliability of the present comparison for GluK2-5 subunits
was ensured by specific detection of GluK2-5 protein bands,

as demonstrates by using GluK2-5 defective mice as negative
controls, and by linear dose-intensity plots using chimeric
GluA2-KAR protein standards. Here, we have shown that
low-affinity KAR subunits are predominantly expressed in the
adult mouse brain, where the relative amount of GluK2 plus
GluK3 was several times higher than that of GluK4 plus
GluK5 in the hippocampus and cerebellum.
Native KARs are thought to be heteromeric receptors

composed of various combinations of subunits. When
expressed in HEK293 cells and Xenopus oocytes, GluK4 and
GluK5 subunits associate with GluK1-3 subunits to form
heteromeric receptorswith pharmacological properties distinct
from homomeric receptors consisting of the low-affinity
subunits. Moreover, the amplitude of channel activity of
GluK2/GluK5 heteromeric receptors is several times larger
than that of GluK2 homomeric receptors (Sakimura et al.
1992). Immunoprecipitated analysis has revealed that GluK5
is co-immunoprecipitated with GluK2 in CA3 pyramidal cells
(Wenthold et al. 1994). A single molecule imaging of
fluorescence-tagged GluK2 and GluK5 subunits revealed that
they assemble with a 2 : 2 stoichiometry (Reiner et al. 2012).
Crystal structure analysis has shown that the N-terminal
domains of GluK2 and GluK5 subunits preferentially co-
assemble as heterodimers rather than as homodimers (Kumar
et al. 2011). In the hippocampus of GluK4/GluK5-double

Fig. 5 Determination of GluK subunits in cerebellum. (a) Analytical

western blots of GluK subunits in P2 and post-synaptic density (PSD)
fractions of cerebellum. Detailed explanation is as shown in Fig. 4. (b)
Ratios of kainate-type glutamate receptor subunits in cerebellum P2

and PSD fractions are shown in the table and the bar graphs. The ratios

of GluK2 (white), GluK3 (gray), GluK4 (stripe), and GluK5 (black) are
normalized by the amount of GluA2 in each brain region and fraction.
Error bars represent SEM.
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amounts of loaded protein samples on western blots were
changed according to the titer of each antibody and subunit
content in each fraction, as summarized in Table S1. We
generated standard curves of chimeric proteins and endoge-
nous proteins (GluA2, GluK2-5) in every experiments
(n = 3). A representative example is shown in Figure S4,
where we made four standard curves of GluA2K2 detected
by GluA2 antibody, GluA2K2 detected by GluK2 antibody,
GluA2 in hippocampal PSD fraction, and GluK2 in
hippocampal PSD fraction in the same intensity range
(< 30000 (intensity), see vertical axis in Figure S4). Using
these standard curves, we titrated their titer ratio and
determined the ratio of GluK2 to GluA2. The western blot
images (Figs 4a and 5a) are of one of those experiments
determining GluK2-GluK5. We averaged the amounts of
GluK2-5 proteins relative to GluA2 protein in each exper-
iment (GluK2-GluK5, n = 3, respectively), as shown in the
graph and table (Figs 4b and 5b).
In the hippocampus, GluK2, GluK3, GluK4, and GluK5

amounted to 9.2 � 0.8%, 3.5 � 1.0%, 0.77 � 0.30%, and
2.0 � 0.3%, respectively, of GluA2 in the P2 fraction (n = 3
for each), and to 7.0 � 0.6%, 4.2 � 0.8%, 0.47 � 0.09%,
and 3.1 � 0.2%, respectively, of GluA2 in the PSD fraction

(n = 3 for each) (Fig. 4b). In the cerebellum, GluK2, GluK3,
GluK4, and GluK5 amounted to 22 � 2%, 17 � 4%,
1.9 � 0.4%, and 2.8 � 0.5%, respectively, of GluA2 in
the P2 fraction (n = 3 for each), and to 9.9 � 2.4%,
7.3 � 1.0%, 1.1 � 0.1%, and 1.4 � 0.2%, respectively, of
GluA2 in the PSD fraction (n = 3 for each) (Fig. 5b). These
data show that the composition of GluK2-5 subunits is
different depending on the brain regions and biochemical
fractions, with GluK2 being the major component in the
hippocampus and cerebellum.
By setting the relative amount of GluK2 in each fraction as

1.00, we compared the ratio of four GluK subunits among the
four hippocampal and cerebellar fractions (Fig. 6a). In all
fractions, the relative abundance of GluK2-5 subunits was in
the order of GluK2 > GluK3 > GluK5 > GluK4, with rel-
ative enrichment of GluK3 in the cerebellar fractions and of
GluK5 in the hippocampal PSD fraction (Fig. 6a). To
simplify the understanding of composition of GluK subunits
in each fraction, we also set GluK2 in the hippocampus P2
fraction as 1.00 and compared the ratio between the P2 and
PSD fractions in the hippocampus and cerebellum (Fig. 6b).
When collectively calculating low-affinity subunits (GluK2
plus GluK3) as 1.00, the ratio of high-affinity subunits

Fig. 4 Determination of GluK subunits in hippocampus. (a) Analytical
western blots of GluK subunits in P2 and post-synaptic density (PSD)
fractions of hippocampus. Graded dilutions of hippocampal P2 and

PSD fractions and each of chimeric GluA2K were subjected to
analytical western blot. In order to simplify the picture, loaded protein
amounts are indicated with relative one (see Table S1). The molecular

weights are growing larger, in the order of GluA2 < GluA2K2-

5 < GluK2-5. Arrow heads show correct bands of kainate-type gluta-
mate receptor (KAR) subunits. (b) The ratios of KAR GluK2, GluK3,
GluK4 and GluK5 to GluA2. Ratios of KAR subunits in hippocampal P2

and PSD fractions are shown in the table and the bar graphs. The
ratios of GluK2 (white), GluK3 (gray), GluK4 (stripe), and GluK5 (black)
are normalized by the amount of GluA2 in each brain region and

fraction. Error bars represent SEM.

© 2015 International Society for Neurochemistry, J. Neurochem. (2016) 136, 295--305

300 I. Watanabe-Iida et al.

(GluK4 plus GluK5) was higher in the hippocampus (0.22 in
the P2 and 0.32 in the PSD fraction) than in the cerebellum
(0.12. and 0.15 respectively). By setting the relative amount
in the P2 fraction as 1.00 in each region, each GluK subunit
showed 3–5-fold enrichment in the PSD fraction of the
hippocampus and cerebellum (Table 1).

Discussion

In the present study, the relative amount of KAR subunits
was compared by standardizing the titer of KAR subunit
antibodies using chimeric GluA2-GluK fusion proteins.
Based on the titrated antibodies, we examined the relative
amount of each KAR subunit in biochemical fractions
prepared from the adult mouse hippocampus and cerebellum.
This method enabled the assessment of the amount of KAR

subunits relative to GluA2 subunit in the same biochemical
fractions. Compared to standardized immunoblot analysis
using endogenous standard proteins, such as actin, this method
is advantageous in that it is applicable to the comparison of
relative amounts of multiple subunits using different antibod-
ies. Although its low sensitivity such as inability of GluK1
detection in the adult mouse brain is to be further improved,
the reliability of the present comparison for GluK2-5 subunits
was ensured by specific detection of GluK2-5 protein bands,

as demonstrates by using GluK2-5 defective mice as negative
controls, and by linear dose-intensity plots using chimeric
GluA2-KAR protein standards. Here, we have shown that
low-affinity KAR subunits are predominantly expressed in the
adult mouse brain, where the relative amount of GluK2 plus
GluK3 was several times higher than that of GluK4 plus
GluK5 in the hippocampus and cerebellum.
Native KARs are thought to be heteromeric receptors

composed of various combinations of subunits. When
expressed in HEK293 cells and Xenopus oocytes, GluK4 and
GluK5 subunits associate with GluK1-3 subunits to form
heteromeric receptorswith pharmacological properties distinct
from homomeric receptors consisting of the low-affinity
subunits. Moreover, the amplitude of channel activity of
GluK2/GluK5 heteromeric receptors is several times larger
than that of GluK2 homomeric receptors (Sakimura et al.
1992). Immunoprecipitated analysis has revealed that GluK5
is co-immunoprecipitated with GluK2 in CA3 pyramidal cells
(Wenthold et al. 1994). A single molecule imaging of
fluorescence-tagged GluK2 and GluK5 subunits revealed that
they assemble with a 2 : 2 stoichiometry (Reiner et al. 2012).
Crystal structure analysis has shown that the N-terminal
domains of GluK2 and GluK5 subunits preferentially co-
assemble as heterodimers rather than as homodimers (Kumar
et al. 2011). In the hippocampus of GluK4/GluK5-double

Fig. 5 Determination of GluK subunits in cerebellum. (a) Analytical

western blots of GluK subunits in P2 and post-synaptic density (PSD)
fractions of cerebellum. Detailed explanation is as shown in Fig. 4. (b)
Ratios of kainate-type glutamate receptor subunits in cerebellum P2

and PSD fractions are shown in the table and the bar graphs. The ratios

of GluK2 (white), GluK3 (gray), GluK4 (stripe), and GluK5 (black) are
normalized by the amount of GluA2 in each brain region and fraction.
Error bars represent SEM.
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knockout mice, detectable KAR-mediated EPSCs are lost at
mossy fiber-CA3 synapses (Fernandes et al. 2009). These
findings indicate that one form of functional KARs in the
brain is heteromeric receptors consisting of high- and low-
affinity subunits. GluK4 and GluK5 subunits in hippocam-
pal and cerebellar fractions are likely to represent, mostly if
not all, such heteromeric receptors. The highest GluK5-to-
GluK2 ratio and its marked increment from the P2 fraction
(0.22) to the PSD fraction (0.44) in the hippocampus further
suggest that heteromeric receptors consisting of high- and
low-affinity subunits highly accumulate at hippocampal
synapses.
Another form of functional KARs in the brain is homo-

meric and heteromeric receptors consisting of only low-
affinity KAR subunits. Application of kainate and glutamate
elicits current responses in HEK293 cells expressing GluK1
(Q), GluK2(Q/R), GluK1/GluK2, GluK3a, and GluK3b
(Sommer et al. 1992; Coussen et al. 2005). GluK1 and
GluK2 subunits co-assemble to generate recombinant recep-
tors with novel functional properties (Cui and Mayer 1999).
Two splice variants of GluK2 subunit (GluK2a and GluK2b)

also co-assemble to regulate KAR trafficking and function
(Coussen et al. 2005). The ratio of low-affinity (GluK2 plus
GluK3) to high-affinity (GluK4 plus GluK5) was higher in
the cerebellum (8.5 in the P2 fraction and 6.7 in the PSD
fraction) than in the hippocampus (4.6 and 3.1, respectively),
suggesting that KARs consisting of low-affinity subunits are
more prevalent in the cerebellum. There have been many
studies on KAR-mediated synaptic transmission focusing on
hippocampus CA3-dentate gyrus synapses, reporting loss of
GluK4 and GluK5 showed no detectable KAR-EPSCs in
hippocampus. In this study, it is reasonable to expect that
GluK2 homomer in cerebellum granule cells would not show
KAR-EPSCs. Indeed, cerebellar granule cells in wild type
showed no KAR-mediated synaptic transmission, but loss of
AMPAR activity increased GluK5 expression and GluK2/5-
containing KAR-mediated synaptic transmission (Yan et al.
2013). KAR activity is possibly regulated by an increase in
GluK4 or GluK5 expression, when AMPAR activity
decreased.
Expression patterns of five KAR subunits by in situ

hybridization are quite similar between rat and mouse brains.

Fig. 6 Composition of kainate-type

glutamate receptor (KAR) subunits in
hippocampus and cerebellum. (a) Relative
ratios of KAR subunits in hippocampal P2,

post-synaptic density (PSD) and cerebellar
P2, PSD are shown in the table and the bar
graph. The ratios of GluK3 (gray), GluK4
(stripe), and GluK5 (black) are normalized

by the amount of GluK2 (white) in the brain
regions respectively. (b) Relative amounts
of KAR subunits normalized by the amount

of GluK2 in hippocampus P2 fraction are
shown in the table and the bar graph. Low-
affinity GluK2 and GluK3 are described in

the left side of position 0, and high affinity
GluK4 and GluK5 are described in the right
side.
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In both species, GluK5 mRNA is prominently expressed in
various brain regions, including the hippocampus and
cerebellum (Wisden and Seeburg 1993; this study). It was
thus unexpected to find predominant protein contents of low-
affinity KAR subunits over high-affinity ones in the adult
brain. This was particularly prominent in the cerebellum,
where GluK4 and GluK5 mRNAs are highly expressed, but
their protein contents were less than one-tenth of that of
GluK2. This discrepancy raises the possibility that the
predominant low-affinity subunit expression is constructed
mainly at the post-transcriptional level. Considering that
high-affinity subunits cannot form functional homomeric
KARs (Bettler et al. 1990, 1992; Egebjerg et al. 1991; Herb
et al. 1992; Sakimura et al. 1992), homomeric receptors
consisting of high-affinity subunits alone might be unstable
and prone to be degraded, even if they are constructed in
neurons. In NMDARs, heteromeric subunit configuration is
essential for channel function and synaptic expression.
Without GluN2 subunits, GluN1 subunit is unable to
accumulate on the post-synaptic membrane and its turnover
rate is accelerated (Abe et al. 2004). Without GluN1 subunit,
GluN2 subunits are retained in the ER for degradation
(McIlhinney et al. 1996; Fukaya et al. 2003). In KAR,
GluK5 also has an ER retention motif and enables recruiting
the membrane when co-assembled with GluK1, GluK2, and
GluK3 (Gallyas et al. 2003). Without them, GluK5 was also
heavily retained in the ER and lost its current in heterologous
cells (Hayes et al. 2003; Ren et al. 2003). We also found
that the amount of GluK5 is less enriched in PSD fraction of
cerebellum than that of hippocampus (Table 1), indicating
the trafficking of GluK subunit to the post-synaptic plasma
membrane may be differentially regulated in these regions.
Perhaps its turnover rate is maintained depending on the
brain region. Overall, this discrepancy of the amount of
GluK5 at mRNA and protein level remains to be investi-
gated.
In this study, we noticed the importance of low-affinity

subunits as major KAR subunits, although their main roles
have not been understood so far. In our data, GluK2-GluK5
showed positive concentration efficiency to PSD fractions
from P2 fractions. The fractionation procedure was
performed as previously described (Abe et al. 2004; Fukaya
et al. 2006; Yamazaki et al. 2010; see method section). In

hippocampus, concentration levels of both GluK2 and
GluK3 are fourfold higher in PSD fractions than in P2
fraction. The proportions of AMPAR and KAR subunits in
enriched synaptic membrane fractions in rat cortex with
synaptic purification technique (Phillips et al. 2001; Pinheiro
et al. 2003, 2005) showed that GluK2/3 was predominantly
present in PSD fractions (about 70–80%) with much lower
levels of pre-synaptic and non-synaptic synaptosomal pro-
tein fractions (about 20–30%) (Feligioni et al. 2006), which
are consistent with our data as mentioned above. On the
other hand, GluA1 and GluA2 were not predominantly
present in PSD fraction (40–60%) compared with GluK2/3.
Biochemical distribution and protein solubility of other
glutamate receptors showed that many NMDA-type gluta-
mate receptors were in the insoluble membrane fractions,
while AMPARs were in the insoluble membrane fractions
and the soluble fractions (Fukaya et al. 2006; Inamura et al.
2006), suggesting that the distribution of KAR at ultrasy-
naptic fraction may be different from that of AMPAR. These
data might elucidate the controversy of subcellular localiza-
tion of KAR including pre- and/or post-synapse, and point to
a hidden role of the post-synaptic afferent in the neuron.
Future study will provide an insight into whether low-
affinity KAR subunits mediate neurotransmission signal at
post-synaptic sites.
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Figure S1. (a) To construct a Grik2 targeting vector, a 770 bp
DNA fragment carrying exon 14 of the Grik2 was amplified by
PCR, and inserted to the targeting vector as described previously
(Akashi et al. 2009). In this clone, a DNA fragment of pgk
promoter-driven Neo-poly(A) flanked by two frt sites (Neo cassette)
and loxP sequence was located at the site 311 bp upstream of the
exon 14, while the other loxP sequence was placed at the site 241 bp
downstream of the exon 14. It contained a 6.83 kb Grik2 at the 50

side and 3.79 kb Grik2 at the 30 side, followed by an MC1 promoter-
driven diphtheria toxin (DT) gene. (b) To construct a Grik3 targeting
vector, a 817 bp DNA fragment carrying exon 12 of the Grik3 was
amplified by PCR, and inserted to the SacI sites of the middle entry
clone (pDME-1). In this clone, a DNA fragment of Neo cassette and

Table 1 Enrichment of GluK subunits in the post-synaptic density
(PSD) fraction of the hippocampus and cerebellum

GluK2 GluK3 GluK4 GluK5

Hippocampus P2 1 1 1 1
Hippocampus PSD 3.57 5.56 2.84 7.24
Cerebellum P2 1 1 1 1

Cerebellum PSD 2.99 2.83 4.00 3.46

These values are calculated from Fig. 6b.
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knockout mice, detectable KAR-mediated EPSCs are lost at
mossy fiber-CA3 synapses (Fernandes et al. 2009). These
findings indicate that one form of functional KARs in the
brain is heteromeric receptors consisting of high- and low-
affinity subunits. GluK4 and GluK5 subunits in hippocam-
pal and cerebellar fractions are likely to represent, mostly if
not all, such heteromeric receptors. The highest GluK5-to-
GluK2 ratio and its marked increment from the P2 fraction
(0.22) to the PSD fraction (0.44) in the hippocampus further
suggest that heteromeric receptors consisting of high- and
low-affinity subunits highly accumulate at hippocampal
synapses.
Another form of functional KARs in the brain is homo-

meric and heteromeric receptors consisting of only low-
affinity KAR subunits. Application of kainate and glutamate
elicits current responses in HEK293 cells expressing GluK1
(Q), GluK2(Q/R), GluK1/GluK2, GluK3a, and GluK3b
(Sommer et al. 1992; Coussen et al. 2005). GluK1 and
GluK2 subunits co-assemble to generate recombinant recep-
tors with novel functional properties (Cui and Mayer 1999).
Two splice variants of GluK2 subunit (GluK2a and GluK2b)

also co-assemble to regulate KAR trafficking and function
(Coussen et al. 2005). The ratio of low-affinity (GluK2 plus
GluK3) to high-affinity (GluK4 plus GluK5) was higher in
the cerebellum (8.5 in the P2 fraction and 6.7 in the PSD
fraction) than in the hippocampus (4.6 and 3.1, respectively),
suggesting that KARs consisting of low-affinity subunits are
more prevalent in the cerebellum. There have been many
studies on KAR-mediated synaptic transmission focusing on
hippocampus CA3-dentate gyrus synapses, reporting loss of
GluK4 and GluK5 showed no detectable KAR-EPSCs in
hippocampus. In this study, it is reasonable to expect that
GluK2 homomer in cerebellum granule cells would not show
KAR-EPSCs. Indeed, cerebellar granule cells in wild type
showed no KAR-mediated synaptic transmission, but loss of
AMPAR activity increased GluK5 expression and GluK2/5-
containing KAR-mediated synaptic transmission (Yan et al.
2013). KAR activity is possibly regulated by an increase in
GluK4 or GluK5 expression, when AMPAR activity
decreased.
Expression patterns of five KAR subunits by in situ

hybridization are quite similar between rat and mouse brains.

Fig. 6 Composition of kainate-type

glutamate receptor (KAR) subunits in
hippocampus and cerebellum. (a) Relative
ratios of KAR subunits in hippocampal P2,

post-synaptic density (PSD) and cerebellar
P2, PSD are shown in the table and the bar
graph. The ratios of GluK3 (gray), GluK4
(stripe), and GluK5 (black) are normalized

by the amount of GluK2 (white) in the brain
regions respectively. (b) Relative amounts
of KAR subunits normalized by the amount

of GluK2 in hippocampus P2 fraction are
shown in the table and the bar graph. Low-
affinity GluK2 and GluK3 are described in

the left side of position 0, and high affinity
GluK4 and GluK5 are described in the right
side.
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In both species, GluK5 mRNA is prominently expressed in
various brain regions, including the hippocampus and
cerebellum (Wisden and Seeburg 1993; this study). It was
thus unexpected to find predominant protein contents of low-
affinity KAR subunits over high-affinity ones in the adult
brain. This was particularly prominent in the cerebellum,
where GluK4 and GluK5 mRNAs are highly expressed, but
their protein contents were less than one-tenth of that of
GluK2. This discrepancy raises the possibility that the
predominant low-affinity subunit expression is constructed
mainly at the post-transcriptional level. Considering that
high-affinity subunits cannot form functional homomeric
KARs (Bettler et al. 1990, 1992; Egebjerg et al. 1991; Herb
et al. 1992; Sakimura et al. 1992), homomeric receptors
consisting of high-affinity subunits alone might be unstable
and prone to be degraded, even if they are constructed in
neurons. In NMDARs, heteromeric subunit configuration is
essential for channel function and synaptic expression.
Without GluN2 subunits, GluN1 subunit is unable to
accumulate on the post-synaptic membrane and its turnover
rate is accelerated (Abe et al. 2004). Without GluN1 subunit,
GluN2 subunits are retained in the ER for degradation
(McIlhinney et al. 1996; Fukaya et al. 2003). In KAR,
GluK5 also has an ER retention motif and enables recruiting
the membrane when co-assembled with GluK1, GluK2, and
GluK3 (Gallyas et al. 2003). Without them, GluK5 was also
heavily retained in the ER and lost its current in heterologous
cells (Hayes et al. 2003; Ren et al. 2003). We also found
that the amount of GluK5 is less enriched in PSD fraction of
cerebellum than that of hippocampus (Table 1), indicating
the trafficking of GluK subunit to the post-synaptic plasma
membrane may be differentially regulated in these regions.
Perhaps its turnover rate is maintained depending on the
brain region. Overall, this discrepancy of the amount of
GluK5 at mRNA and protein level remains to be investi-
gated.
In this study, we noticed the importance of low-affinity

subunits as major KAR subunits, although their main roles
have not been understood so far. In our data, GluK2-GluK5
showed positive concentration efficiency to PSD fractions
from P2 fractions. The fractionation procedure was
performed as previously described (Abe et al. 2004; Fukaya
et al. 2006; Yamazaki et al. 2010; see method section). In

hippocampus, concentration levels of both GluK2 and
GluK3 are fourfold higher in PSD fractions than in P2
fraction. The proportions of AMPAR and KAR subunits in
enriched synaptic membrane fractions in rat cortex with
synaptic purification technique (Phillips et al. 2001; Pinheiro
et al. 2003, 2005) showed that GluK2/3 was predominantly
present in PSD fractions (about 70–80%) with much lower
levels of pre-synaptic and non-synaptic synaptosomal pro-
tein fractions (about 20–30%) (Feligioni et al. 2006), which
are consistent with our data as mentioned above. On the
other hand, GluA1 and GluA2 were not predominantly
present in PSD fraction (40–60%) compared with GluK2/3.
Biochemical distribution and protein solubility of other
glutamate receptors showed that many NMDA-type gluta-
mate receptors were in the insoluble membrane fractions,
while AMPARs were in the insoluble membrane fractions
and the soluble fractions (Fukaya et al. 2006; Inamura et al.
2006), suggesting that the distribution of KAR at ultrasy-
naptic fraction may be different from that of AMPAR. These
data might elucidate the controversy of subcellular localiza-
tion of KAR including pre- and/or post-synapse, and point to
a hidden role of the post-synaptic afferent in the neuron.
Future study will provide an insight into whether low-
affinity KAR subunits mediate neurotransmission signal at
post-synaptic sites.
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Figure S1. (a) To construct a Grik2 targeting vector, a 770 bp
DNA fragment carrying exon 14 of the Grik2 was amplified by
PCR, and inserted to the targeting vector as described previously
(Akashi et al. 2009). In this clone, a DNA fragment of pgk
promoter-driven Neo-poly(A) flanked by two frt sites (Neo cassette)
and loxP sequence was located at the site 311 bp upstream of the
exon 14, while the other loxP sequence was placed at the site 241 bp
downstream of the exon 14. It contained a 6.83 kb Grik2 at the 50

side and 3.79 kb Grik2 at the 30 side, followed by an MC1 promoter-
driven diphtheria toxin (DT) gene. (b) To construct a Grik3 targeting
vector, a 817 bp DNA fragment carrying exon 12 of the Grik3 was
amplified by PCR, and inserted to the SacI sites of the middle entry
clone (pDME-1). In this clone, a DNA fragment of Neo cassette and

Table 1 Enrichment of GluK subunits in the post-synaptic density
(PSD) fraction of the hippocampus and cerebellum

GluK2 GluK3 GluK4 GluK5

Hippocampus P2 1 1 1 1
Hippocampus PSD 3.57 5.56 2.84 7.24
Cerebellum P2 1 1 1 1

Cerebellum PSD 2.99 2.83 4.00 3.46

These values are calculated from Fig. 6b.
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loxP sequence was located at the site 428 bp upstream of the exon
12, while the other loxP sequence was placed at the site 270 bp
downstream of the exon 12. The 5.07 kb upstream and 5.24 kb
downstream homologous genomic DNA fragments were retrieved
from the BAC clone (RP23-131M1), and then subcloned to 50 entry
clone (pD3UE-2) and 30 entry clone (pD5DE-2) respectively. For
targeting vector assembly, the three entry clones were recombined to
a destination vector plasmid (pDEST-DT; containing a cytomega-
lovirus enhancer/chicken actin (CAG) promoter-driven DT gene by
using a MultiSite Gateway Three-fragment Vector construction Kit
(Invitrogen) (Sasaki et al. 2004). (c) To construct a Grik5 targeting
vector, a 770 bp DNA fragment carrying exon 13, 14, and 15 of the
Grik5 was amplified by PCR, and inserted to the targeting vector as
described previously (Akashi et al. 2009). In this clone, a DNA
fragment of Neo cassette and loxP sequence was located at the site
411 bp upstream of the exon 13, while the other loxP sequence was
placed at the site 96 bp downstream of the exon 15. It contained a
6.53 kb Grik5 at the 50 side and 3.13 kb Grik5 at the 30 side,
followed by an MC1 promoter-driven DT gene. Each targeting
vector introduced into C57BL/6N ES cell line RENKA and
recombinant clones were identified by Southern blot. To produce
germline chimeras, recombinant ES clones were microinjected into
eight cell stage embryos of CD1 mouse strain. To generate Grik2,
Grik3 and Grik5-null mice, each flowed mouse was crossed with the
telencephalin-Cre mice (Nakamura et al. 2001).

Figure S2. Specificity of GluK1 antibody (Upstate) was checked
with western blot analysis of COS-7 cell lysates transfected with
each cDNA of GluK1-GluK3. Cross reactivity of GluK1 antibodies
between GluK1 and GluK2 was tested using the brain extracts,
hippocampal P2 fractions, derived from wild type and GluK2-KO
mice. A detected GluK1 band of the GluK1 antibody in the wild
type disappeared in GluK2-KO mice.

Figure S3. (a) RT-PCR was performed using primers spanning
exon 10–12 with whole brain of adult wild type (C57BL/6N),
GluK3flox/flox mice and post-natal day 3 (P3) GluK3flox/flox mice.
Amplification of glyceraldehyde-3-phosphate dehydrogenase gene
was used as a positive control for the RT reaction (bottom panel). P3
GluK3flox/flox mice were used instead of wild type mice. (b)
GluK1 transcript was decreased in adult mice, compared to P3 mice
(top panel). The expression level of adult mice GluK1 transcript was
normalized by that of P3 mice. Error bars represent SEM. Student’s
t-test was used for statistical analysis.

Figure S4. (a) Determination of GluK2 ratio to GluA2 examined
by chimeric protein and hippocampus PSD sample is shown as an
example of the determination method. Amounts of loaded COS-7
cells lysate expressing GluA2K2 and hippocampal PSD sample are
shown as a relative value. (b) Standard curves of GluA2K2 (left) and
hippocampus PSD sample (right) were detected by GluA2 antibody
(black square and circle) and GluK2 antibody (white square and
circle). The protein ratio of GluK2 to GluA2 in hippocampus PSD
was quantified by correcting titer ratio of GluK2 antibody to GluA2
antibody. (c) The titer of GluK2 antibody to GluA2 antibody was
obtained from calculation using the slopes of GluA2K2 standard
curves (b, left). The relative ratio of GluK2 protein to GluA2 protein
was also calculated by using the slopes of GluK2 and GluA2
standard curves (b, right) and GluK2 titer ratio mentioned above.

Table S1. The amount (mg) of loaded protein samples of
hippocampus and cerebellum.
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loxP sequence was located at the site 428 bp upstream of the exon
12, while the other loxP sequence was placed at the site 270 bp
downstream of the exon 12. The 5.07 kb upstream and 5.24 kb
downstream homologous genomic DNA fragments were retrieved
from the BAC clone (RP23-131M1), and then subcloned to 50 entry
clone (pD3UE-2) and 30 entry clone (pD5DE-2) respectively. For
targeting vector assembly, the three entry clones were recombined to
a destination vector plasmid (pDEST-DT; containing a cytomega-
lovirus enhancer/chicken actin (CAG) promoter-driven DT gene by
using a MultiSite Gateway Three-fragment Vector construction Kit
(Invitrogen) (Sasaki et al. 2004). (c) To construct a Grik5 targeting
vector, a 770 bp DNA fragment carrying exon 13, 14, and 15 of the
Grik5 was amplified by PCR, and inserted to the targeting vector as
described previously (Akashi et al. 2009). In this clone, a DNA
fragment of Neo cassette and loxP sequence was located at the site
411 bp upstream of the exon 13, while the other loxP sequence was
placed at the site 96 bp downstream of the exon 15. It contained a
6.53 kb Grik5 at the 50 side and 3.13 kb Grik5 at the 30 side,
followed by an MC1 promoter-driven DT gene. Each targeting
vector introduced into C57BL/6N ES cell line RENKA and
recombinant clones were identified by Southern blot. To produce
germline chimeras, recombinant ES clones were microinjected into
eight cell stage embryos of CD1 mouse strain. To generate Grik2,
Grik3 and Grik5-null mice, each flowed mouse was crossed with the
telencephalin-Cre mice (Nakamura et al. 2001).

Figure S2. Specificity of GluK1 antibody (Upstate) was checked
with western blot analysis of COS-7 cell lysates transfected with
each cDNA of GluK1-GluK3. Cross reactivity of GluK1 antibodies
between GluK1 and GluK2 was tested using the brain extracts,
hippocampal P2 fractions, derived from wild type and GluK2-KO
mice. A detected GluK1 band of the GluK1 antibody in the wild
type disappeared in GluK2-KO mice.

Figure S3. (a) RT-PCR was performed using primers spanning
exon 10–12 with whole brain of adult wild type (C57BL/6N),
GluK3flox/flox mice and post-natal day 3 (P3) GluK3flox/flox mice.
Amplification of glyceraldehyde-3-phosphate dehydrogenase gene
was used as a positive control for the RT reaction (bottom panel). P3
GluK3flox/flox mice were used instead of wild type mice. (b)
GluK1 transcript was decreased in adult mice, compared to P3 mice
(top panel). The expression level of adult mice GluK1 transcript was
normalized by that of P3 mice. Error bars represent SEM. Student’s
t-test was used for statistical analysis.

Figure S4. (a) Determination of GluK2 ratio to GluA2 examined
by chimeric protein and hippocampus PSD sample is shown as an
example of the determination method. Amounts of loaded COS-7
cells lysate expressing GluA2K2 and hippocampal PSD sample are
shown as a relative value. (b) Standard curves of GluA2K2 (left) and
hippocampus PSD sample (right) were detected by GluA2 antibody
(black square and circle) and GluK2 antibody (white square and
circle). The protein ratio of GluK2 to GluA2 in hippocampus PSD
was quantified by correcting titer ratio of GluK2 antibody to GluA2
antibody. (c) The titer of GluK2 antibody to GluA2 antibody was
obtained from calculation using the slopes of GluA2K2 standard
curves (b, left). The relative ratio of GluK2 protein to GluA2 protein
was also calculated by using the slopes of GluK2 and GluA2
standard curves (b, right) and GluK2 titer ratio mentioned above.

Table S1. The amount (mg) of loaded protein samples of
hippocampus and cerebellum.
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SUMMARY

Neuronal networks are dynamically modified by
selective synapse pruning during development and
adulthood. However, how certain connections win
the competition with others and are subsequently
maintained is not fully understood. Here, we show
that C1ql1, a member of the C1q family of proteins,
is provided by climbing fibers (CFs) and serves as
a crucial anterograde signal to determine and main-
tain the single-winner CF in the mouse cerebellum
throughout development and adulthood. C1ql1 spe-
cifically binds to the brain-specific angiogenesis
inhibitor 3 (Bai3), which is a member of the cell-
adhesion G-protein-coupled receptor family and ex-
pressed on postsynaptic Purkinje cells. C1ql1-Bai3
signaling is required for motor learning but not for
gross motor performance or coordination. Because
related family members of C1ql1 and Bai3 are ex-
pressed in various brain regions, the mechanism
described here likely applies to synapse formation,
maintenance, and function in multiple neuronal cir-
cuits essential for important brain functions.

INTRODUCTION

In mammals, precise neuronal network formation is generally

achieved by selective synapse pruning: a few inputs are

strengthened by increasing the number of their synaptic con-

tacts, while weak inputs are physically removed. As a model of

activity-dependent synapse refinement in the central nervous

system (CNS), postnatal pruning of supernumerary synapses be-

tween climbing fibers (CFs, axons of inferior olivary [IO] neurons)

and Purkinje cells in the cerebellum has been extensively studied

(Cesa and Strata, 2009; Kano and Hashimoto, 2009; Lohof et al.,

1996; Watanabe and Kano, 2011). Multiple CFs initially innervate

a single Purkinje cell soma, but a single CF becomes dominant

in a postsynaptic, voltage-dependent Ca2+ channel activity-

dependent manner during postnatal days (P) 3–7 in mice

(Kano and Hashimoto, 2009; Watanabe and Kano, 2011). The

‘‘single-winner’’ CF translocates to the Purkinje cell dendrites

around P9, and the rest of the CFs remaining on the soma are

eventually eliminated by P21 (Hashimoto et al., 2009). CF prun-

ing is reportedly regulated by activities in Purkinje cells mediated

by parallel-fiber (PF, an axon of a granule cell) inputs throughme-

tabotropic glutamate receptor 1 (mGluR1), as well as inhibitory

inputs through g-aminobutyric acid (GABA) receptors (Kano

and Hashimoto, 2009; Watanabe and Kano, 2011). Although a

recent live-imaging study indicated that translocation of CF syn-

apses to dendrites may provide a competitive advantage to the

winner CF (Carrillo et al., 2013), how a selected CF is strength-

ened remains unclear. Furthermore, although brain-derived neu-

rotrophic factor and insulin-like growth factor are suggested to

be involved in strengthening CF synapses, the site of synaptic

expression and action remains largely elusive (Watanabe and

Kano, 2011). In addition, while CF synapses further undergo ac-

tivity-dependent expansion or retraction throughout adulthood

(Cesa and Strata, 2009), how the winner CF is maintained is

unknown.

C1q, which is a member of the innate immune system, recog-

nizes various targets via its C-terminal globular domain (gC1q).

Recently, C1q released from neurons has been shown to regu-

late postnatal elimination of inactive synapses between retinal

ganglion cells and the lateral geniculate nucleus in vivo (Stevens

et al., 2007). The group of proteins containing the gC1q domain is

referred to as the C1q family. Like adiponectin, which is released

fromadipose tissues and regulates glucose and lipidmetabolism

in muscle and liver, most C1q family members are secreted and

involved in various signaling pathways (Kishore et al., 2004; Yu-

zaki, 2008). In the cerebellum, Cbln1, a cerebellin family of C1q

homologous, is released from granule cells and plays a crucial

role in the formation and maintenance of PF-Purkinje cell synap-

ses by binding to its postsynaptic receptor, the delta2 glutamate

316 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.

receptor (GluD2) (Matsuda et al., 2010). C1q-like familymembers

(C1ql1–C1ql4) are also expressed in the CNS (Iijima et al., 2010;

Shimono et al., 2010) and are implicated in synapse formation or

elimination in cultured hippocampal neurons in vitro (Bolliger

et al., 2011). It is interesting that C1ql1 mRNA is selectively

and highly expressed in IO neurons (Iijima et al., 2010) during

development and throughout adulthood. Here, we examined

the hypothesis that C1ql1 provided by CFs may regulate CF syn-

apse formation, elimination, and maintenance in vivo. We found

that C1ql1 plays a crucial role in strengthening and maintaining

single-winner CFs by binding to brain-specific angiogenesis

inhibitor 3 (Bai3), a cell-adhesion G protein-coupled receptor

(GPCR) that is constitutively expressed in Purkinje cells. Further-

more, our in vivo results demonstrate that C1ql1–Bai3 signaling

is essential for CFs to mediate normal motor learning but not

gross motor coordination.

RESULTS

C1ql1 Is Required to Win CF Competition
We first investigated the localization of endogenous C1ql1

proteins in the wild-type (WT) mouse cerebellum. Immunohisto-

chemical (IHC) analysis revealed punctate C1ql1 immuno-

reactivity in the molecular layer of the cerebellum along the

proximal dendrites of Purkinje cells (Figure 1A). The C1ql1-im-

munopositive puncta were mostly located at the edge of CF ter-

minals (74% ± 4%, n = 1,195 puncta from 10 slices), which were

immunopositive for vesicular glutamate transporter 2 (vGluT2).

Similarly, postembedding immunogold electron microscopy

(EM) analysis revealed high levels of C1ql1 immunoreactivity at

presynaptic sites and CF synaptic clefts (Figure 1B). These re-

sults suggest that, like Cbln1 at PF synapses, the C1ql1 protein

provided by CFs localizes at CF synapses.

To investigate the physiological functions of C1ql1, we

generated mice in which the C1ql1 gene was disrupted (Figures

S1A and S1B available online). IHC and immunogold EM

analyses revealed essentially no C1ql1 immunoreactivity (Fig-

ures 1A, 1B, and S1C) in C1ql1-null cerebellum. The cerebella

of C1ql1-null mice exhibited normal foliation and laminated

cortical structures (Figure S1D). IHC analysis of adult cerebellar

slices (Figure 1C) revealed that the number of vGluT2-positive

puncta was significantly reduced in C1ql1-null cerebella (76 ±

2, n = 10 slices) compared to WT (243 ± 6, n = 10 slices, p <

0.001; Figure 1D). Although CF terminals translocated to den-

drites and penetrated 85% ± 1% (n = 10 slices) of the molecular

layer thickness in adult WT cerebella, the depth reached by

most distal CF terminals was significantly smaller in C1ql1-null

cerebella (68% ± 1%, n = 10 slices, p < 0.001; Figure 1E).

The reductions in CF terminal number and height were not

observed in C1ql1-null cerebella at P9 but became increasingly

evident during development (Figures 1D and 1E). In contrast,

although PF and inhibitory inputs to Purkinje cells are reported

to affect CF synapse elimination processes (Kano and Hashi-

moto, 2009; Watanabe and Kano, 2011), no changes were

observed in the number or distribution of vesicular glutamate

transporter 1 (vGluT1, a marker for PF terminals; Figure S1E)

or vesicular GABA transporter (vGAT, a marker for inhibitory

fiber terminals; Figure S1F). These results indicate that CF

refinement processes at stages later than P9 were specifically

impaired in C1ql1-null cerebella.

Next, we evaluated CF synapse function by assessing CF-

evoked excitatory postsynaptic currents (CF-EPSCs) in Purkinje

cells with whole-cell patch-clamp recordings. The number of

functional CF synapses on single Purkinje cells was estimated

by varying the stimulus intensity because a single CF input

has a single threshold for excitation. At P4–P6, both WT and

C1ql1-null Purkinje cells were innervated by a similar number

(from three to nine) of CFs (p = 0.15; Figures 1F and 1G). Among

these CF inputs, a single CF-EPSCwas already dominant in both

WT (disparity index = SD/mean of CF-EPSC amplitudes; 0.67 ±

0.05, n = 24) and Clql1-null (0.65 ± 0.05, n = 26) Purkinje cells

(p = 0.70). In contrast, although single CF-EPSCs were elicited

in 89%ofWTPurkinje cells by P22–P28, only 57%of the Purkinje

cells attained a one-to-one relationship with CFs in C1ql1-null

mice (p < 0.01; Figure 1G). Furthermore, while the amplitude of

the largest CF-EPSCs steadily increased during development

in WT mice, it remained constant after P7–P9 in C1ql1-null

mice (Figure 1H). Finally, voltage-dependent Ca2+ channel cur-

rents, which reportedly regulate the initial functional differentia-

tion of multiple CF inputs during P3–P7 (Hashimoto et al.,

2011), were similar between WT and Clql1-null cerebella (Fig-

ure S2). These results suggest that the winning CFs, which

were selected during the initial functional differentiation stage

by P7, were not further strengthened in the absence of C1ql1.

To examine causal relationships between C1ql1 expression

and determination of the winner CFs, we expressed C1ql1

together with enhanced GFP in WT IO neurons at P0–P1 with

lentivirus vectors (Figure 2A). GFP expression was detected in

essentially all CF terminals surrounding the observed Purkinje

cell soma by P5 (Figure 2B). At P7–P8, Purkinje cells were inner-

vated bymultiple CFs overexpressing C1ql1, with a dominant CF

producing the largest EPSC in a manner similar to that of GFP-

only-expressing Purkinje cells (Figure 2C). It is interesting that

the amplitudes of the strongest CF-EPSC and also of the weaker

CF-EPSCs were increased by C1ql1 overexpression in CFs (Fig-

ure 2D). Thus, C1ql1, at least when overexpressed in IO neurons,

could enhance synaptic connectivity between CF and Purkinje

cells, regardless of the original synaptic strength.

Unexpectedly, at P14–P15, 79% of Purkinje cells had already

attained a one-to-one relationship when C1ql1 was overex-

pressed in CFs, compared to only 57% of control Purkinje

cells innervated by single CFs (p < 0.05; Figures 2E and 2F).

The amplitude of the dominant CF-EPSCs was significantly

larger in Purkinje cells innervated by CFs overexpressing C1ql1

at all developmental stages (Figure 2G). Thus, although synaptic

connections at less dominant CFs were enhanced by C1ql1

overexpression, their elimination was also facilitated. These re-

sults indicate that C1ql1 has dual functions: strengthening

existing CF synapses and inducing the elimination of inactive

synapses (see Discussion).

Purkinje-Cell-Specific Bai3-Null Mice Phenocopy
C1ql1-Null Mice
Recently, affinity chromatography identified C1ql proteins as

ligands for Bai3, a member of the cell-adhesion GPCR family

(Bolliger et al., 2011). Although Bai3 was reported to regulate
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.

ACCESSION NUMBERS

The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

eight figures, and two movies and can be found with this article online at

http://dx.doi.org/10.1016/j.neuron.2014.12.020.

AUTHOR CONTRIBUTIONS

W.K. designed the project, carried out the electrophysiological and behavioral

works, analyzed the data, and wrote the paper. N.M. and A.R.A. performed

structural and SPR analyses and designed mutant constructs. E.M. performed

the anatomical experiments and the IUE approach. M.A. and K.S. designed

and generated mutant mice. K.M. performed the cell binding assays. Y.H.T.

designed and prepared the microRNA constructs. K.K., A.T., J.M., and S.M.

designed and prepared the recombinant viruses. S.N. supervised the hOKR

experiment. M.W. generated essential antibodies. M.Y. designed and super-

vised the project and wrote the paper.

ACKNOWLEDGMENTS

We thank S. Narumi and S. Otsuka for their technical assistance and S. Mat-

suda and K.F. Tanaka for their useful comments. We also thank T. Miyazaki

and K. Konno for their support on anatomical experiments, H. Okado for lenti-

virus production, H. Sakuma and T. Watanabe (Zeiss) for their support on

superresolution microscopy analysis, and the staff at Diamond beamline I04

for synchrotron assistance. This work was supported by a grant-in-aid for sci-

entific research from the Ministry of Education, Culture, Sports, Science and

Technology of Japan and the Japan Society for the Promotion of Science

(W.K. and M.Y.); the CREST from the Japan Science and Technology Agency

(M.Y.); the Kanae Foundation (W.K.); the Nakajima Foundation (W.K.); the Keio

Gijuku Fukuzawa Memorial Fund for the Advancement of Education and

Research (W.K.); the Takeda Science Foundation (W.K. and M.Y.); the UK

Medical Research Council (MRC) (A.R.A.); and aWellcome Trust PhD student-

ship (N.M.). Further support from the Wellcome Trust Core Award 090532/Z/

09/Z is acknowledged. A.R.A. is an MRC Senior Research Fellow.

Accepted: November 26, 2014

Published: January 21, 2015

REFERENCES
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SUMMARY

Neuronal networks are dynamically modified by
selective synapse pruning during development and
adulthood. However, how certain connections win
the competition with others and are subsequently
maintained is not fully understood. Here, we show
that C1ql1, a member of the C1q family of proteins,
is provided by climbing fibers (CFs) and serves as
a crucial anterograde signal to determine and main-
tain the single-winner CF in the mouse cerebellum
throughout development and adulthood. C1ql1 spe-
cifically binds to the brain-specific angiogenesis
inhibitor 3 (Bai3), which is a member of the cell-
adhesion G-protein-coupled receptor family and ex-
pressed on postsynaptic Purkinje cells. C1ql1-Bai3
signaling is required for motor learning but not for
gross motor performance or coordination. Because
related family members of C1ql1 and Bai3 are ex-
pressed in various brain regions, the mechanism
described here likely applies to synapse formation,
maintenance, and function in multiple neuronal cir-
cuits essential for important brain functions.

INTRODUCTION

In mammals, precise neuronal network formation is generally

achieved by selective synapse pruning: a few inputs are

strengthened by increasing the number of their synaptic con-

tacts, while weak inputs are physically removed. As a model of

activity-dependent synapse refinement in the central nervous

system (CNS), postnatal pruning of supernumerary synapses be-

tween climbing fibers (CFs, axons of inferior olivary [IO] neurons)

and Purkinje cells in the cerebellum has been extensively studied

(Cesa and Strata, 2009; Kano and Hashimoto, 2009; Lohof et al.,

1996; Watanabe and Kano, 2011). Multiple CFs initially innervate

a single Purkinje cell soma, but a single CF becomes dominant

in a postsynaptic, voltage-dependent Ca2+ channel activity-

dependent manner during postnatal days (P) 3–7 in mice

(Kano and Hashimoto, 2009; Watanabe and Kano, 2011). The

‘‘single-winner’’ CF translocates to the Purkinje cell dendrites

around P9, and the rest of the CFs remaining on the soma are

eventually eliminated by P21 (Hashimoto et al., 2009). CF prun-

ing is reportedly regulated by activities in Purkinje cells mediated

by parallel-fiber (PF, an axon of a granule cell) inputs throughme-

tabotropic glutamate receptor 1 (mGluR1), as well as inhibitory

inputs through g-aminobutyric acid (GABA) receptors (Kano

and Hashimoto, 2009; Watanabe and Kano, 2011). Although a

recent live-imaging study indicated that translocation of CF syn-

apses to dendrites may provide a competitive advantage to the

winner CF (Carrillo et al., 2013), how a selected CF is strength-

ened remains unclear. Furthermore, although brain-derived neu-

rotrophic factor and insulin-like growth factor are suggested to

be involved in strengthening CF synapses, the site of synaptic

expression and action remains largely elusive (Watanabe and

Kano, 2011). In addition, while CF synapses further undergo ac-

tivity-dependent expansion or retraction throughout adulthood

(Cesa and Strata, 2009), how the winner CF is maintained is

unknown.

C1q, which is a member of the innate immune system, recog-

nizes various targets via its C-terminal globular domain (gC1q).

Recently, C1q released from neurons has been shown to regu-

late postnatal elimination of inactive synapses between retinal

ganglion cells and the lateral geniculate nucleus in vivo (Stevens

et al., 2007). The group of proteins containing the gC1q domain is

referred to as the C1q family. Like adiponectin, which is released

fromadipose tissues and regulates glucose and lipidmetabolism

in muscle and liver, most C1q family members are secreted and

involved in various signaling pathways (Kishore et al., 2004; Yu-

zaki, 2008). In the cerebellum, Cbln1, a cerebellin family of C1q

homologous, is released from granule cells and plays a crucial

role in the formation and maintenance of PF-Purkinje cell synap-

ses by binding to its postsynaptic receptor, the delta2 glutamate

316 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.

receptor (GluD2) (Matsuda et al., 2010). C1q-like familymembers

(C1ql1–C1ql4) are also expressed in the CNS (Iijima et al., 2010;

Shimono et al., 2010) and are implicated in synapse formation or

elimination in cultured hippocampal neurons in vitro (Bolliger

et al., 2011). It is interesting that C1ql1 mRNA is selectively

and highly expressed in IO neurons (Iijima et al., 2010) during

development and throughout adulthood. Here, we examined

the hypothesis that C1ql1 provided by CFs may regulate CF syn-

apse formation, elimination, and maintenance in vivo. We found

that C1ql1 plays a crucial role in strengthening and maintaining

single-winner CFs by binding to brain-specific angiogenesis

inhibitor 3 (Bai3), a cell-adhesion G protein-coupled receptor

(GPCR) that is constitutively expressed in Purkinje cells. Further-

more, our in vivo results demonstrate that C1ql1–Bai3 signaling

is essential for CFs to mediate normal motor learning but not

gross motor coordination.

RESULTS

C1ql1 Is Required to Win CF Competition
We first investigated the localization of endogenous C1ql1

proteins in the wild-type (WT) mouse cerebellum. Immunohisto-

chemical (IHC) analysis revealed punctate C1ql1 immuno-

reactivity in the molecular layer of the cerebellum along the

proximal dendrites of Purkinje cells (Figure 1A). The C1ql1-im-

munopositive puncta were mostly located at the edge of CF ter-

minals (74% ± 4%, n = 1,195 puncta from 10 slices), which were

immunopositive for vesicular glutamate transporter 2 (vGluT2).

Similarly, postembedding immunogold electron microscopy

(EM) analysis revealed high levels of C1ql1 immunoreactivity at

presynaptic sites and CF synaptic clefts (Figure 1B). These re-

sults suggest that, like Cbln1 at PF synapses, the C1ql1 protein

provided by CFs localizes at CF synapses.

To investigate the physiological functions of C1ql1, we

generated mice in which the C1ql1 gene was disrupted (Figures

S1A and S1B available online). IHC and immunogold EM

analyses revealed essentially no C1ql1 immunoreactivity (Fig-

ures 1A, 1B, and S1C) in C1ql1-null cerebellum. The cerebella

of C1ql1-null mice exhibited normal foliation and laminated

cortical structures (Figure S1D). IHC analysis of adult cerebellar

slices (Figure 1C) revealed that the number of vGluT2-positive

puncta was significantly reduced in C1ql1-null cerebella (76 ±

2, n = 10 slices) compared to WT (243 ± 6, n = 10 slices, p <

0.001; Figure 1D). Although CF terminals translocated to den-

drites and penetrated 85% ± 1% (n = 10 slices) of the molecular

layer thickness in adult WT cerebella, the depth reached by

most distal CF terminals was significantly smaller in C1ql1-null

cerebella (68% ± 1%, n = 10 slices, p < 0.001; Figure 1E).

The reductions in CF terminal number and height were not

observed in C1ql1-null cerebella at P9 but became increasingly

evident during development (Figures 1D and 1E). In contrast,

although PF and inhibitory inputs to Purkinje cells are reported

to affect CF synapse elimination processes (Kano and Hashi-

moto, 2009; Watanabe and Kano, 2011), no changes were

observed in the number or distribution of vesicular glutamate

transporter 1 (vGluT1, a marker for PF terminals; Figure S1E)

or vesicular GABA transporter (vGAT, a marker for inhibitory

fiber terminals; Figure S1F). These results indicate that CF

refinement processes at stages later than P9 were specifically

impaired in C1ql1-null cerebella.

Next, we evaluated CF synapse function by assessing CF-

evoked excitatory postsynaptic currents (CF-EPSCs) in Purkinje

cells with whole-cell patch-clamp recordings. The number of

functional CF synapses on single Purkinje cells was estimated

by varying the stimulus intensity because a single CF input

has a single threshold for excitation. At P4–P6, both WT and

C1ql1-null Purkinje cells were innervated by a similar number

(from three to nine) of CFs (p = 0.15; Figures 1F and 1G). Among

these CF inputs, a single CF-EPSCwas already dominant in both

WT (disparity index = SD/mean of CF-EPSC amplitudes; 0.67 ±

0.05, n = 24) and Clql1-null (0.65 ± 0.05, n = 26) Purkinje cells

(p = 0.70). In contrast, although single CF-EPSCs were elicited

in 89%ofWTPurkinje cells by P22–P28, only 57%of the Purkinje

cells attained a one-to-one relationship with CFs in C1ql1-null

mice (p < 0.01; Figure 1G). Furthermore, while the amplitude of

the largest CF-EPSCs steadily increased during development

in WT mice, it remained constant after P7–P9 in C1ql1-null

mice (Figure 1H). Finally, voltage-dependent Ca2+ channel cur-

rents, which reportedly regulate the initial functional differentia-

tion of multiple CF inputs during P3–P7 (Hashimoto et al.,

2011), were similar between WT and Clql1-null cerebella (Fig-

ure S2). These results suggest that the winning CFs, which

were selected during the initial functional differentiation stage

by P7, were not further strengthened in the absence of C1ql1.

To examine causal relationships between C1ql1 expression

and determination of the winner CFs, we expressed C1ql1

together with enhanced GFP in WT IO neurons at P0–P1 with

lentivirus vectors (Figure 2A). GFP expression was detected in

essentially all CF terminals surrounding the observed Purkinje

cell soma by P5 (Figure 2B). At P7–P8, Purkinje cells were inner-

vated bymultiple CFs overexpressing C1ql1, with a dominant CF

producing the largest EPSC in a manner similar to that of GFP-

only-expressing Purkinje cells (Figure 2C). It is interesting that

the amplitudes of the strongest CF-EPSC and also of the weaker

CF-EPSCs were increased by C1ql1 overexpression in CFs (Fig-

ure 2D). Thus, C1ql1, at least when overexpressed in IO neurons,

could enhance synaptic connectivity between CF and Purkinje

cells, regardless of the original synaptic strength.

Unexpectedly, at P14–P15, 79% of Purkinje cells had already

attained a one-to-one relationship when C1ql1 was overex-

pressed in CFs, compared to only 57% of control Purkinje

cells innervated by single CFs (p < 0.05; Figures 2E and 2F).

The amplitude of the dominant CF-EPSCs was significantly

larger in Purkinje cells innervated by CFs overexpressing C1ql1

at all developmental stages (Figure 2G). Thus, although synaptic

connections at less dominant CFs were enhanced by C1ql1

overexpression, their elimination was also facilitated. These re-

sults indicate that C1ql1 has dual functions: strengthening

existing CF synapses and inducing the elimination of inactive

synapses (see Discussion).

Purkinje-Cell-Specific Bai3-Null Mice Phenocopy
C1ql1-Null Mice
Recently, affinity chromatography identified C1ql proteins as

ligands for Bai3, a member of the cell-adhesion GPCR family

(Bolliger et al., 2011). Although Bai3 was reported to regulate
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synapse formation or elimination in cultured hippocampal neu-

rons in vitro (Bolliger et al., 2011) and affect dendrite morphogen-

esis (Lanoue et al., 2013), its in vivo localization and synaptic

functions have not been established. We first examined endog-

enous Bai3 in the cerebellum. IHC analysis revealed that,

like C1ql1, Bai3 immunoreactivity was mostly located adjacent

to vGluT2-positive CF terminals in WT mice (69% ± 5%, n =

1,003 puncta from 10 slices; Figure 3A). Superresolution micro-

scopic analysis also revealed that, although C1ql1 and Bai3

immunoreactivities were mostly colocalized, Bai3 was located

in more peripheral regions along vGluT2 (Figure 3B). Similarly,

postembedding immunogold EM analysis revealed that Bai3

immunoreactivity was highly abundant at postsynaptic sites

and in CF synaptic clefts (Figure 3C). These results support the

view that, like GluD2 for Cbln1 at PF synapses, Bai3 may serve

as a postsynaptic receptor for C1ql1 at CF synapses.

To examine whether C1ql1 serves as an endogenous ligand

for Bai3, we generated mice in which the Bai3 gene was

specifically disrupted in Purkinje cells (PC-Bai3-null mice; Fig-

ures S3A and S3B). IHC and immunogold EM analyses detected

essentially no Bai3 immunoreactivity in PC-Bai3-null cerebellum

(Figures 3A, 3C, and S3C), indicating that, indeed, Bai3 was

BA D

E

C

F G H

Figure 1. C1ql1 Is Localized at CF Synapses during Their Formation and Maturation

(A) IHC images of endogenous C1ql1 in adult WT (left) and C1ql1-null (right) mouse cerebella. Areas surrounded by white squares are magnified in the lower

panels. Scale bars in upper and lower panels, 20 mm and 3 mm, respectively.

(B) Postembedding immunogold EM images of endogenous C1ql1 in adult WT mouse cerebellum. C1ql1 and vGluT2 (a marker for CF terminals) were im-

munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cell spine. Red arrows indicate gold particles labeling C1ql1 around CF synapses.

Scale bar, 200 nm. Histogram shows the vertical distribution of C1ql1-positive particles around CF synapses. Distances were measured from the midline (dotted

line) of the synaptic cleft to the center of immunogold particles. On the x axis, negative and positive numbers represent presynaptic or postsynaptic side,

respectively, from the midline.

(C) IHC images of vGluT2 in adult WT (left) and C1ql1-null (right) mouse cerebella. Dotted lines and asterisks represent pial surface and Purkinje cell soma,

respectively. Scale bar, 20 mm.

(D) Developmental changes in the density of vGluT2 puncta.

(E) Developmental changes in the localization of vGluT2 puncta. The relative height is represented as a percentage, where 100% is at the top of Purkinje cell distal

dendrites and 0% is at the Purkinje cell soma.

(F) CF-EPSC traces evoked by the paired-pulse stimulation (50 ms interstimulus interval) in various intensities in P5 (top) and adult (bottom) WT (left) and C1ql1-

null (right) mice.

(G and H) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (G) and the strongest CF-EPSC amplitudes (H).

*p < 0.05, **p < 0.01, ***p < 0.001 by two-way factorial ANOVA followed by Bonferroni post hoc test in (D), (E), and (H). *p < 0.05, **p < 0.01 byMann-Whitney U test

in (G). Data are represented as mean ± SEM.

See also Figures S1 and S2.
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postsynaptically located at CF synapses. Although PC-Bai3-null

mice had normal cerebellar structure (Figure S3D) and immuno-

reactivities for vGluT1 and vGAT in cerebellar slices (Figures S3E

and S3F), the numbers of vGluT2-positive puncta were signifi-

cantly reduced in adult PC-Bai3-null cerebella (47 ± 5, n = 10

slices) compared to control littermate (185 ± 8, n = 10 slices;

p < 0.001; Figures 3D and 3E). In addition, the depth of the

molecular layer thickness reached by the most distal CF termi-

nals was significantly less in PC-Bai3-null (74% ± 1%, n = 10

slices) than in control (84% ± 1%, n = 10 slices) cerebella

(p < 0.001; Figure 3F). Whole-cell patch-clamp recordings from

adult PC-Bai3-null cerebellar slices revealed that only 68% of

Purkinje cells attained a one-to-one relationship with CFs (p <

0.001 versus control; Figures 3G and 3H). Furthermore, the am-

plitudes of the strongest CF-EPSCs were significantly smaller in

PC-Bai3-null Purkinje cells (p < 0.01 versus control; Figure 3I).

Together, these results indicate that PC-Bai3-null mice phe-

nocopied C1ql1-null mice.

To further examine whether the function of Bai3 was mediated

by C1ql1 binding, we next designed a Bai3 mutant that could not
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Figure 2. C1ql1 Promotes CF Synapse Refinement during Development

(A) Cartoon showing the lentivirus injection into IOs in WT mouse pup (P0–P1) for the expression of C1ql1.

(B) IHC images of vGluT2 (red in dashed circles) expression along GFP-positive CFs surrounding Purkinje cell soma at P5. Purkinje cells were immunostained for

calbindin (white). Scale bar, 5 mm.

(C) CF-EPSCs evoked by various stimulus intensities from P7 WT cerebellar slices, in which CFs expressed GFP only (CTL, top) or GFP plus C1ql1 (C1ql1 OE,

bottom).

(D) Histograms showing total CF-EPSC amplitude (Total) and the mean amplitudes of CF-EPSCs evoked by the strongest, second strongest (2nd), or third

strongest (3rd) CF activation.

(E) CF-EPSCs recorded from P14 (left) and P21 (right) cerebellar slices.

(F and G) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (F) and the strongest CF-EPSC amplitudes (normalized

by the amplitude in CTL, G).

*p < 0.05, **p < 0.01 by Mann-Whitney U test. Data are represented as mean ± SEM.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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synapse formation or elimination in cultured hippocampal neu-

rons in vitro (Bolliger et al., 2011) and affect dendrite morphogen-

esis (Lanoue et al., 2013), its in vivo localization and synaptic

functions have not been established. We first examined endog-

enous Bai3 in the cerebellum. IHC analysis revealed that,

like C1ql1, Bai3 immunoreactivity was mostly located adjacent

to vGluT2-positive CF terminals in WT mice (69% ± 5%, n =

1,003 puncta from 10 slices; Figure 3A). Superresolution micro-

scopic analysis also revealed that, although C1ql1 and Bai3

immunoreactivities were mostly colocalized, Bai3 was located

in more peripheral regions along vGluT2 (Figure 3B). Similarly,

postembedding immunogold EM analysis revealed that Bai3

immunoreactivity was highly abundant at postsynaptic sites

and in CF synaptic clefts (Figure 3C). These results support the

view that, like GluD2 for Cbln1 at PF synapses, Bai3 may serve

as a postsynaptic receptor for C1ql1 at CF synapses.

To examine whether C1ql1 serves as an endogenous ligand

for Bai3, we generated mice in which the Bai3 gene was

specifically disrupted in Purkinje cells (PC-Bai3-null mice; Fig-

ures S3A and S3B). IHC and immunogold EM analyses detected

essentially no Bai3 immunoreactivity in PC-Bai3-null cerebellum

(Figures 3A, 3C, and S3C), indicating that, indeed, Bai3 was

BA D

E

C

F G H

Figure 1. C1ql1 Is Localized at CF Synapses during Their Formation and Maturation

(A) IHC images of endogenous C1ql1 in adult WT (left) and C1ql1-null (right) mouse cerebella. Areas surrounded by white squares are magnified in the lower

panels. Scale bars in upper and lower panels, 20 mm and 3 mm, respectively.

(B) Postembedding immunogold EM images of endogenous C1ql1 in adult WT mouse cerebellum. C1ql1 and vGluT2 (a marker for CF terminals) were im-

munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cell spine. Red arrows indicate gold particles labeling C1ql1 around CF synapses.

Scale bar, 200 nm. Histogram shows the vertical distribution of C1ql1-positive particles around CF synapses. Distances were measured from the midline (dotted

line) of the synaptic cleft to the center of immunogold particles. On the x axis, negative and positive numbers represent presynaptic or postsynaptic side,

respectively, from the midline.

(C) IHC images of vGluT2 in adult WT (left) and C1ql1-null (right) mouse cerebella. Dotted lines and asterisks represent pial surface and Purkinje cell soma,

respectively. Scale bar, 20 mm.

(D) Developmental changes in the density of vGluT2 puncta.

(E) Developmental changes in the localization of vGluT2 puncta. The relative height is represented as a percentage, where 100% is at the top of Purkinje cell distal

dendrites and 0% is at the Purkinje cell soma.

(F) CF-EPSC traces evoked by the paired-pulse stimulation (50 ms interstimulus interval) in various intensities in P5 (top) and adult (bottom) WT (left) and C1ql1-

null (right) mice.

(G and H) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (G) and the strongest CF-EPSC amplitudes (H).

*p < 0.05, **p < 0.01, ***p < 0.001 by two-way factorial ANOVA followed by Bonferroni post hoc test in (D), (E), and (H). *p < 0.05, **p < 0.01 byMann-Whitney U test

in (G). Data are represented as mean ± SEM.

See also Figures S1 and S2.
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postsynaptically located at CF synapses. Although PC-Bai3-null

mice had normal cerebellar structure (Figure S3D) and immuno-

reactivities for vGluT1 and vGAT in cerebellar slices (Figures S3E

and S3F), the numbers of vGluT2-positive puncta were signifi-

cantly reduced in adult PC-Bai3-null cerebella (47 ± 5, n = 10

slices) compared to control littermate (185 ± 8, n = 10 slices;

p < 0.001; Figures 3D and 3E). In addition, the depth of the

molecular layer thickness reached by the most distal CF termi-

nals was significantly less in PC-Bai3-null (74% ± 1%, n = 10

slices) than in control (84% ± 1%, n = 10 slices) cerebella

(p < 0.001; Figure 3F). Whole-cell patch-clamp recordings from

adult PC-Bai3-null cerebellar slices revealed that only 68% of

Purkinje cells attained a one-to-one relationship with CFs (p <

0.001 versus control; Figures 3G and 3H). Furthermore, the am-

plitudes of the strongest CF-EPSCs were significantly smaller in

PC-Bai3-null Purkinje cells (p < 0.01 versus control; Figure 3I).

Together, these results indicate that PC-Bai3-null mice phe-

nocopied C1ql1-null mice.

To further examine whether the function of Bai3 was mediated

by C1ql1 binding, we next designed a Bai3 mutant that could not
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Figure 2. C1ql1 Promotes CF Synapse Refinement during Development

(A) Cartoon showing the lentivirus injection into IOs in WT mouse pup (P0–P1) for the expression of C1ql1.

(B) IHC images of vGluT2 (red in dashed circles) expression along GFP-positive CFs surrounding Purkinje cell soma at P5. Purkinje cells were immunostained for

calbindin (white). Scale bar, 5 mm.

(C) CF-EPSCs evoked by various stimulus intensities from P7 WT cerebellar slices, in which CFs expressed GFP only (CTL, top) or GFP plus C1ql1 (C1ql1 OE,

bottom).

(D) Histograms showing total CF-EPSC amplitude (Total) and the mean amplitudes of CF-EPSCs evoked by the strongest, second strongest (2nd), or third

strongest (3rd) CF activation.

(E) CF-EPSCs recorded from P14 (left) and P21 (right) cerebellar slices.

(F and G) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (F) and the strongest CF-EPSC amplitudes (normalized

by the amplitude in CTL, G).

*p < 0.05, **p < 0.01 by Mann-Whitney U test. Data are represented as mean ± SEM.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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bind C1ql1. Surface plasmon resonance (SPR) assays revealed

that the extracellular domain of Bai3 (eBai3WT) bound to C1ql1

with a dissociation constant (KD) of 2 mM; this interaction was

significantly reduced by deleting the N-terminal CUB (comple-

ment C1r/C1s, Uegf, Bmp1) domain (eBai3DCUB; KD > 100 mM;

Figures 3J, S4A, and S4B). Conversely, the short N-terminal

region of Bai3 containing the CUB domain (nBai3CUB) was suffi-

cient for C1ql1 binding (KD = 0.3 mM; Figures 3J and S4C). Simi-

larly, C1ql1 proteins strongly bound to heterologous cells ex-

pressing full-length Bai3 (Bai3WT) but not to cells expressing

Bai1, Bai2, or Bai3 lacking the CUB domain (Bai3DCUB) (Figures

S4F and S4G). We introduced cDNAs encoding GFP only, GFP

plus Bai3WT, or GFP plus Bai3DCUB into PC-Bai3-null Purkinje

cells by in utero electroporation (IUE) at embryonic day (E)

11.5 (Figure 3K). Whole-cell patch-clamp recordings revealed

that, although expression of Bai3WT in PC-Bai3-null Purkinje

cells restored a one-to-one relationship with CFs, expression

of Bai3DCUB or GFP alone was insufficient (p < 0.05; Figures 3L

and 3M). Furthermore, the amplitudes of the strongest CF-

EPSCswere significantly increased in PC-Bai3-null Purkinje cells

expressing Bai3WT compared to cells expressing Bai3DCUB or

GFP alone (p < 0.001; Figures 3L and 3N). Because Bai2, a

closely related cell-adhesion GPCR that shares similar domain

structures (Stephenson et al., 2014), is reportedly expressed

on Purkinje cells along with Bai3 (Selimi et al., 2009), we gener-

ated mice in which the Bai2 gene was disrupted specifically in

Purkinje cells (PC-Bai2-null mice; Figures S5A and S5B). In

contrast to PC-Bai3-null mice, PC-Bai2-null cerebellum showed

no changes in the amount or distribution of vGluT2 immunoreac-

tivity (Figures S5C–S5E). Together, these results indicate that the

function of Bai3 at CF synapses is mediated by the CUB domain,

which C1ql1 directly binds.

C1ql1–Bai3 Triggers Pruning of Surplus CFs in
Adult Mice
Although synaptic pruning could occur throughout adulthood

(Cesa and Strata, 2009; Holtmaat and Svoboda, 2009), it is un-

clear whether the molecules involved in developmental pruning

exert their functions in the adult brain. To address this question,

we next expressed C1ql1 (C1ql1WT) in adult C1ql1-null IO neu-

rons with adenoassociated virus (AAV) vectors (Figure 4A).

Whole-cell patch-clamp recordings showed that, although

38% of Purkinje cells remained innervated by multiple CFs in

the adult C1ql1-null cerebellum, 84% of Purkinje cells attained

a one-to-one relationship with CFs by expressing C1ql1WT (p <

0.05; Figures 4B and 4C). Furthermore, the amplitudes of the

strongest CF-EPSCs were significantly increased by C1ql1WT

expression in adult C1ql1-null mice (p < 0.001; Figure 4D).

Although it is difficult to rule out the possibility that CFs in

C1ql1-null mice are in a state of permanent immaturity, these re-

sults indicate that C1ql1 can strengthen CF synapses and pro-

mote CF pruning to determine a single-winner CF, even at the

adult stage in C1ql1-null mice.

To test whether the function of C1ql1 in adult synaptic pruning

wasmediated by Bai3 as observed during development, we next

designed a mutant C1ql1 that did not bind Bai3. Because the

C-terminal globular C1q domain of C1ql1 (gC1ql1; Figure 4E)

was sufficient for binding to Bai3 (Figure S4D), we solved the

crystal structure of gC1ql1 (Figure 4F; Table 1). Based on this

structure, we designed a ‘‘glycan wedge’’ mutant by introducing

two N-linked glycosylation sites in each subunit of the trimeric

gC1ql1 domain (C1ql1GW; Figures 4E and 4F); the attachment

of a bulky N-glycan moiety to Asn residues has been shown to

prevent specific protein-protein interactions (Luo et al., 2003;

Rondard et al., 2008). Indeed, SPR assays demonstrated that

C1ql1GW did not retain any binding to Bai3 (Figures 4E and

S4E). Similarly, C1ql1GW proteins did not bind to cells expressing

full-length Bai3 (Figures S4F and S4G). C1ql1WT and C1ql1GW

were similarly expressed in vGluT2-positive CF terminals

(Figure S6A), indicating that binding of Bai3 was likely to be

nonessential for localizing C1ql1 at CF terminals. Whole-cell

patch-clamp recordings showed that, unlike C1ql1WT, expres-

sion of C1ql1GW in CFs did not restore the normal process of

CF synapse elimination in C1ql1-null mice (Figures 4B and 4C).

Figure 3. C1ql1 Is an Endogenous Ligand for Bai3 to Win the CF Competition

(A and B) Confocal (A) and superresolution structured illumination (SIM; B) microscopic images of endogenous Bai3 (red in A and green in B), C1ql1 (red in B), and

vGluT2 (green in A and blue in B) immunoreactivities in the molecular layer of adult WT and C1ql1-null cerebella. Purkinje cells were immunostained for calbindin

(blue in A). Scale bars, 20 mm and 3 mm in the upper and lower left panels, respectively, in (A) and 200 nm in (B).

(C) Postembedding immunogold EM images of endogenous Bai3 in adult WT mouse cerebellum. Bai3 and vGluT2 (a marker for CF terminals) were im-

munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cell spine. Red arrows indicate gold particles labeling Bai3 around CF synapses.

Scale bar, 200 nm. Histogram shows the vertical distribution of Bai3-positive particles around CF synapses.

(D) IHC images of vGluT2 in adult PC-Bai3-null (right) and its control littermate (CTL, left) mouse cerebella. Dotted lines and asterisks represent pial surface and

Purkinje cell soma, respectively. Scale bar, 20 mm.

(E and F) Quantification of the density (E) and the height (F) of vGluT2 puncta in the molecular layer of each mouse.

(G) CF-EPSCs evoked by various stimulus intensities in adult PC-Bai3-null (right) and CTL (left) mice.

(H and I) Histograms showing the percentage of the number of CFs innervating single Purkinje cells (H) and the strongest CF-EPSC amplitudes (I).

(J) Diagrams of a full-length Bai3 (Bai3WT, top left) and a Bai3 lacking CUB domain (Bai3DCUB, top right) and the equilibrium SPR data (bottom) of the C1ql1 binding

to the extracellular region of Bai3WT (eBai3WT), N-terminal region containing CUB domain (nBaiCUB), and extracellular region of Bai3DCUB (eBai3DCUB). TSR,

thrombospondin repeats; HB, hormone-binding domain; GPS, GPCR proteolysis sequence.

(K) Cartoon showing IUE to PC-Bai3-null embryo at E11.5. cDNA solution was loaded into the fourth cerebral ventricle (4V) to perform IUE.

(L) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing BaiWT (center), Bai3DCUB (right), and empty vector (CTL, left).

(M and N) Histograms showing the percentage of the number of CFs innervating single Purkinje cells (M) and the strongest CF-EPSC amplitudes (N) in each

condition.

**p < 0.01, ***p < 0.001 byMann-Whitney U test in (E), (F), (H), and (I). *p < 0.05, ***p < 0.001 by Kruskal-Wallis test followed by Steel post hoc test in (M) and (N). ns,

no significance. Data are represented as mean ± SEM.

See also Figures S3–S6.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.

ACCESSION NUMBERS

The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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bind C1ql1. Surface plasmon resonance (SPR) assays revealed

that the extracellular domain of Bai3 (eBai3WT) bound to C1ql1

with a dissociation constant (KD) of 2 mM; this interaction was

significantly reduced by deleting the N-terminal CUB (comple-

ment C1r/C1s, Uegf, Bmp1) domain (eBai3DCUB; KD > 100 mM;

Figures 3J, S4A, and S4B). Conversely, the short N-terminal

region of Bai3 containing the CUB domain (nBai3CUB) was suffi-

cient for C1ql1 binding (KD = 0.3 mM; Figures 3J and S4C). Simi-

larly, C1ql1 proteins strongly bound to heterologous cells ex-

pressing full-length Bai3 (Bai3WT) but not to cells expressing

Bai1, Bai2, or Bai3 lacking the CUB domain (Bai3DCUB) (Figures

S4F and S4G). We introduced cDNAs encoding GFP only, GFP

plus Bai3WT, or GFP plus Bai3DCUB into PC-Bai3-null Purkinje

cells by in utero electroporation (IUE) at embryonic day (E)

11.5 (Figure 3K). Whole-cell patch-clamp recordings revealed

that, although expression of Bai3WT in PC-Bai3-null Purkinje

cells restored a one-to-one relationship with CFs, expression

of Bai3DCUB or GFP alone was insufficient (p < 0.05; Figures 3L

and 3M). Furthermore, the amplitudes of the strongest CF-

EPSCswere significantly increased in PC-Bai3-null Purkinje cells

expressing Bai3WT compared to cells expressing Bai3DCUB or

GFP alone (p < 0.001; Figures 3L and 3N). Because Bai2, a

closely related cell-adhesion GPCR that shares similar domain

structures (Stephenson et al., 2014), is reportedly expressed

on Purkinje cells along with Bai3 (Selimi et al., 2009), we gener-

ated mice in which the Bai2 gene was disrupted specifically in

Purkinje cells (PC-Bai2-null mice; Figures S5A and S5B). In

contrast to PC-Bai3-null mice, PC-Bai2-null cerebellum showed

no changes in the amount or distribution of vGluT2 immunoreac-

tivity (Figures S5C–S5E). Together, these results indicate that the

function of Bai3 at CF synapses is mediated by the CUB domain,

which C1ql1 directly binds.

C1ql1–Bai3 Triggers Pruning of Surplus CFs in
Adult Mice
Although synaptic pruning could occur throughout adulthood

(Cesa and Strata, 2009; Holtmaat and Svoboda, 2009), it is un-

clear whether the molecules involved in developmental pruning

exert their functions in the adult brain. To address this question,

we next expressed C1ql1 (C1ql1WT) in adult C1ql1-null IO neu-

rons with adenoassociated virus (AAV) vectors (Figure 4A).

Whole-cell patch-clamp recordings showed that, although

38% of Purkinje cells remained innervated by multiple CFs in

the adult C1ql1-null cerebellum, 84% of Purkinje cells attained

a one-to-one relationship with CFs by expressing C1ql1WT (p <

0.05; Figures 4B and 4C). Furthermore, the amplitudes of the

strongest CF-EPSCs were significantly increased by C1ql1WT

expression in adult C1ql1-null mice (p < 0.001; Figure 4D).

Although it is difficult to rule out the possibility that CFs in

C1ql1-null mice are in a state of permanent immaturity, these re-

sults indicate that C1ql1 can strengthen CF synapses and pro-

mote CF pruning to determine a single-winner CF, even at the

adult stage in C1ql1-null mice.

To test whether the function of C1ql1 in adult synaptic pruning

wasmediated by Bai3 as observed during development, we next

designed a mutant C1ql1 that did not bind Bai3. Because the

C-terminal globular C1q domain of C1ql1 (gC1ql1; Figure 4E)

was sufficient for binding to Bai3 (Figure S4D), we solved the

crystal structure of gC1ql1 (Figure 4F; Table 1). Based on this

structure, we designed a ‘‘glycan wedge’’ mutant by introducing

two N-linked glycosylation sites in each subunit of the trimeric

gC1ql1 domain (C1ql1GW; Figures 4E and 4F); the attachment

of a bulky N-glycan moiety to Asn residues has been shown to

prevent specific protein-protein interactions (Luo et al., 2003;

Rondard et al., 2008). Indeed, SPR assays demonstrated that

C1ql1GW did not retain any binding to Bai3 (Figures 4E and

S4E). Similarly, C1ql1GW proteins did not bind to cells expressing

full-length Bai3 (Figures S4F and S4G). C1ql1WT and C1ql1GW

were similarly expressed in vGluT2-positive CF terminals

(Figure S6A), indicating that binding of Bai3 was likely to be

nonessential for localizing C1ql1 at CF terminals. Whole-cell

patch-clamp recordings showed that, unlike C1ql1WT, expres-

sion of C1ql1GW in CFs did not restore the normal process of

CF synapse elimination in C1ql1-null mice (Figures 4B and 4C).

Figure 3. C1ql1 Is an Endogenous Ligand for Bai3 to Win the CF Competition

(A and B) Confocal (A) and superresolution structured illumination (SIM; B) microscopic images of endogenous Bai3 (red in A and green in B), C1ql1 (red in B), and

vGluT2 (green in A and blue in B) immunoreactivities in the molecular layer of adult WT and C1ql1-null cerebella. Purkinje cells were immunostained for calbindin

(blue in A). Scale bars, 20 mm and 3 mm in the upper and lower left panels, respectively, in (A) and 200 nm in (B).

(C) Postembedding immunogold EM images of endogenous Bai3 in adult WT mouse cerebellum. Bai3 and vGluT2 (a marker for CF terminals) were im-

munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cell spine. Red arrows indicate gold particles labeling Bai3 around CF synapses.

Scale bar, 200 nm. Histogram shows the vertical distribution of Bai3-positive particles around CF synapses.

(D) IHC images of vGluT2 in adult PC-Bai3-null (right) and its control littermate (CTL, left) mouse cerebella. Dotted lines and asterisks represent pial surface and

Purkinje cell soma, respectively. Scale bar, 20 mm.

(E and F) Quantification of the density (E) and the height (F) of vGluT2 puncta in the molecular layer of each mouse.

(G) CF-EPSCs evoked by various stimulus intensities in adult PC-Bai3-null (right) and CTL (left) mice.

(H and I) Histograms showing the percentage of the number of CFs innervating single Purkinje cells (H) and the strongest CF-EPSC amplitudes (I).

(J) Diagrams of a full-length Bai3 (Bai3WT, top left) and a Bai3 lacking CUB domain (Bai3DCUB, top right) and the equilibrium SPR data (bottom) of the C1ql1 binding

to the extracellular region of Bai3WT (eBai3WT), N-terminal region containing CUB domain (nBaiCUB), and extracellular region of Bai3DCUB (eBai3DCUB). TSR,

thrombospondin repeats; HB, hormone-binding domain; GPS, GPCR proteolysis sequence.

(K) Cartoon showing IUE to PC-Bai3-null embryo at E11.5. cDNA solution was loaded into the fourth cerebral ventricle (4V) to perform IUE.

(L) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing BaiWT (center), Bai3DCUB (right), and empty vector (CTL, left).

(M and N) Histograms showing the percentage of the number of CFs innervating single Purkinje cells (M) and the strongest CF-EPSC amplitudes (N) in each

condition.

**p < 0.01, ***p < 0.001 byMann-Whitney U test in (E), (F), (H), and (I). *p < 0.05, ***p < 0.001 by Kruskal-Wallis test followed by Steel post hoc test in (M) and (N). ns,

no significance. Data are represented as mean ± SEM.

See also Figures S3–S6.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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Furthermore, the amplitudes of the strongest CF-EPSCs were

not increased by C1ql1GW expression in adult C1ql1-null mice

(Figures 4B and 4D). These results indicate that the function of

C1ql1 in determining a single-winner CF in the adult brain is

mediated by an interface used for Bai3 binding.

Finally, to examine whether expression of Bai3 in adult PC-

Bai3-null Purkinje cells could also restore CF phenotypes, we

used lentiviral vectors to express Bai3WT or Bai3DCUB in Purkinje

cells (Figure 4G). Bai3WT and Bai3DCUB were similarly expressed

in dendritic spines of Purkinje cells (Figure S6B), indicating that

binding of C1ql1 was likely to be nonessential for localizing

Bai3 at postsynaptic sites. Whole-cell patch-clamp recordings

showed that Bai3WT, but not Bai3DCUB or empty vector, restored

the normal process of CF synapse elimination in PC-Bai3-null

mice (p < 0.05; Figures 4H and 4I). Similarly, the amplitudes of

the strongest CF-EPSCs were increased by Bai3WT expression

but not Bai3DCUB or empty vector in adult PC-Bai3-null mice

(p < 0.001; Figures 4H and 4J). These results indicate that

C1ql1 provided by CFs and Bai3 in Purkinje cells likely act

together to trigger signaling pathways necessary for determining

single-winner CFs, even in the adult cerebellum.

The C1ql1-Bai3 Interaction Is Required to Maintain CF
Synapses
C1ql1 and Bai3 continue to be expressed in the adult brain (Iijima

et al., 2010; Lanoue et al., 2013). To examine the functions of

C1ql1-Bai3 signaling in adults, we knocked down C1ql1 in

the IO neurons of adult WT mice by infecting them with an

AAV that contained an engineered microRNA targeting C1ql1

plus the GFP gene (miR-C1ql1) (Figure 5A). Expression of miR-
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Figure 4. C1ql1-Bai3 Signaling Triggers Surplus CF Synapse Elimi-

nation in Adult Mutant Mice

(A) Cartoon showing the AAV injection into adult C1ql1-null mouse IO for the

expression of C1ql1. Experiments were performed at 14–21 days postinfection

(dpi).

(B) CF-EPSCs recorded from adult C1ql1-null Purkinje cells innervated by CFs

expressing WT C1ql1 (C1ql1WT, center), C1ql1GW (right), and empty vector

(CTL, left).

(C and D) Histograms showing the percentage of the number of CFs inner-

vating single Purkinje cells (C) and the strongest CF-EPSC amplitudes (D) in

each condition.

(E) Diagrams (left) for C1ql1WT, C1ql1GW, and their globular domains (gC1ql1WT

and gC1ql1GW, respectively), and the equilibrium SPR data of each C1ql1

binding to eBai3 (right). RU, resonance unit.

(F) Cartoon representation of the gC1ql1WT (top) and gC1ql1GW (bottom)

trimeric structures. Individual monomers are separately colored. Glycosylation

sites introduced by mutagenesis (original residues were Q211 and S244) are

indicated by spheres in C1ql1WT. The gC1ql1GW trimeric structure is shown

with modeled Man9GlcNAc2 glycans (atoms in sphere representation).

(G) Cartoon showing the lentivirus injection into adult PC-Bai3-null mouse

cerebellum for the expression of Bai3. Experiments were performed at 14–21

dpi.

(H) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing WT

Bai3 (Bai3WT, center), Bai3DCUB (right), and empty vector (CTL, left).

(I and J) Histograms showing the percentage of the number of CFs innervating

single Purkinje cells (I) and the strongest CF-EPSC amplitudes (J) in each

condition.

*p < 0.05, ***p < 0.001 by Kruskal-Wallis test followed by Steel post hoc test.

ns, no significance. Data are represented as mean ± SEM.

See also Figures S4 and S6 and Table 1.
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C1ql1 significantly reduced C1ql1 immunoreactivities in GFP-

expressing IO neurons (17% ± 6% of IO neurons expressing

scrambled microRNA [miR-SCR], p < 0.05; Figure 5B). IHC anal-

ysis of cerebellar slices revealed that the number of vGluT2-pos-

itive puncta was significantly reduced in mice expressing miR-

C1ql1 (110 ± 9, n = 10 slices; Figures 5C and 5D) compared to

mice expressing miR-SCR (180 ± 6, n = 10 slices; p < 0.001; Fig-

ures 5C and 5D). In addition, the depth of the molecular layer

thickness reached by the most distal CF terminals was reduced

in mice expressing miR-C1ql1 (80% ± 1%, n = 10 slices; Figures

5C and 5E) compared to mice expressing miR-SCR (84% ± 1%,

n = 10 slices, p < 0.05; Figures 5C and 5E). In contrast, whole-cell

patch-clamp recordings from adult cerebellar slices revealed

that similar percentages of Purkinje cells were innervated by sin-

gle CFs in mice expressing miR-C1ql1 (83%; Figures 5F and 5G)

and miR-SCR (89%, p = 0.51; Figures 5F and 5G). Nevertheless,

the amplitudes of the strongest CF-EPSCs were significantly

smaller in mice expressing miR-C1ql1 (p < 0.001 versus miR-

SCR; Figures 5F and 5H). The reduced amplitudes of CF-EPSCs

due to miR-C1ql1 expression were restored by coexpression of

the miR-C1ql1-resistant form of C1ql1WT (rC1ql1WT; p < 0.001

versus miR-C1ql1) but not the resistant form of C1ql1GW

(rC1ql1GW; p = 0.64 versus miR-C1ql1; Figures 5F and 5H). We

also knocked down Bai3 by infecting adult WT Purkinje cells

with a lentivirus containing an engineered microRNA targeting

Bai3 plus the GFP gene (miR-Bai3; Figure S7). We obtained

essentially the same results as those with miR-C1ql1. It is impor-

tant to note that the reduced CF-EPSC amplitudes observed

with miR-Bai3 were restored by coexpression of the miR-Bai3-

resistant form of Bai3WT but not Bai3DCUB (Figure S7). Together,

these results indicate that, even after a single final winner CFwas

selected, C1ql1-Bai3 signaling was necessary to maintain the

winner CF synapses on Purkinje cell dendrites.

C1ql1-Bai3 Signaling in Motor Learning
To understand the consequences of abnormal CF synapses

in vivo, we examined the behaviors of C1ql1-null and PC-Bai3-

null mice. Unexpectedly, thesemice showed no ataxia and could

walk along a straight line with regular steps (Movie S1). They

showed normal motor coordination on the rotor-rod test (Figures

S8A and S8B). Nystagmus, which is characteristic of GluD2-null

humans (Hills et al., 2013) and mice (Yoshida et al., 2004), was

absent in the C1ql1-null and PC-Bai3-null mice (Figures S8C–

S8E). These results indicate that innervation of Purkinje cells

by multiple CFs does not necessarily manifest as gross motor

discoordination or nystagmus.

To further clarify the role of C1ql1-Bai3 signaling in the cere-

bellum, we next examined adaptation of the horizontal optoki-

netic response (hOKR), a motor learning paradigm shown to be

dependent on the cerebellum (Ito, 2006). Continuous oscillation

of a screen around a stationary animal increases the hOKR gain

inWTmice (Figures 6A and 6B). Although the hOKRwas similarly

observed in all genotypes before the training (Figure 6B; Movie

S2), the gain did not increase in C1ql1-null and PC-Bai3-null

mice (Figures 6C and 6D; Movie S2), indicating that motor

learning was severely impaired in these mice.

According to the Marr-Albus-Ito theory, the activities of CFs

encode retinal slip errors that serve as a teacher signal to

induce long-term depression (LTD) of synaptic transmission

at concomitantly activated PF synapses, leading to hOKR

adaptation (Ito, 2013). To test this hypothesis, we examined

whether LTD could be induced in cerebellar slices prepared

from C1ql1-null and PC-Bai3-null mice by simultaneously acti-

vating PFs and CFs for 2 min at 1 Hz in the current-clamp mode

(Figure 6E). This protocol robustly induced LTD of PF-evoked

EPSCs (PF-EPSCs) in WT, but not C1ql1-null (p < 0.001; Fig-

ures 6F and 6G) or PC-Bai3-null (p < 0.001 versus control; Fig-

ures 6F and 6H), Purkinje cells. Activation of CF input triggers

dendritic spikes and a burst of somatic spikes known as

complex spikes in WT Purkinje cells (Eccles et al., 1966). The

occurrence of the complex spike was significantly reduced in

Purkinje cells from C1ql1-null (53 ± 9 in 120 trials, n = 22 versus

WT [118 ± 2 in 120 trials, n = 22]; p < 0.001 by Mann-Whitney U

test) and PC-Bai3-null mice (64 ± 8 in 120 trials, n = 24 versus

Table 1. Crystallographic Data Collection and Structure

Refinement Statistics

Statistics gC1ql1

Data Collection

Space group H3

Cell dimensions: a, b, c (Å) 68.08, 68.08, 65.91

Cell angles: a, b, g (�) 90.00, 90.00, 120.00

Resolution (Å) 43.94–1.44 (1.48–1.44)

Total reflections 155,787 (11,142)

Unique reflections 20,630 (1,532)

Completeness (%) 100.0 (99.9)

Rmerge 0.067 (0.875)

Rpim 0.028 (0.378)

I/sI 16.9 (2.1)

Redundancy 7.6 (7.3)

Wilson B factor (Å2) 11.55

Refinement Statistics

Resolution range (Å) 34.04–1.44 (1.51–1.44)

Number of reflections 20,628 (2,956)

Rwork 0.140 (0.205)

Rfree
a 0.169 (0.255)

Number of atoms 1,121

Protein 1,029

Ligands (Cd, Ni, Mg, Cl) 7 (2, 2, 1, 2)

Water molecules 85

RMSD bonds (Å) 0.006

RMSD angles (�) 1.096

Average B factors (Å2)

Protein main/side chains 14.43/18.92

Cd/Ni/Mg/Cl 13.16/10.00/28.39/45.39

Water 31.01

This structure was determined from one crystal. Numbers in parentheses

refer to the highest resolution shell. Ramachandran statistics andMolpro-

bity scores are included in the Supplemental Experimental Procedures.

RMSD, root-mean-square deviation.
aRfree was calculated as per Rwork for a 5% subset of reflections that was

not used in the crystallographic refinement.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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Furthermore, the amplitudes of the strongest CF-EPSCs were

not increased by C1ql1GW expression in adult C1ql1-null mice

(Figures 4B and 4D). These results indicate that the function of

C1ql1 in determining a single-winner CF in the adult brain is

mediated by an interface used for Bai3 binding.

Finally, to examine whether expression of Bai3 in adult PC-

Bai3-null Purkinje cells could also restore CF phenotypes, we

used lentiviral vectors to express Bai3WT or Bai3DCUB in Purkinje

cells (Figure 4G). Bai3WT and Bai3DCUB were similarly expressed

in dendritic spines of Purkinje cells (Figure S6B), indicating that

binding of C1ql1 was likely to be nonessential for localizing

Bai3 at postsynaptic sites. Whole-cell patch-clamp recordings

showed that Bai3WT, but not Bai3DCUB or empty vector, restored

the normal process of CF synapse elimination in PC-Bai3-null

mice (p < 0.05; Figures 4H and 4I). Similarly, the amplitudes of

the strongest CF-EPSCs were increased by Bai3WT expression

but not Bai3DCUB or empty vector in adult PC-Bai3-null mice

(p < 0.001; Figures 4H and 4J). These results indicate that

C1ql1 provided by CFs and Bai3 in Purkinje cells likely act

together to trigger signaling pathways necessary for determining

single-winner CFs, even in the adult cerebellum.

The C1ql1-Bai3 Interaction Is Required to Maintain CF
Synapses
C1ql1 and Bai3 continue to be expressed in the adult brain (Iijima

et al., 2010; Lanoue et al., 2013). To examine the functions of

C1ql1-Bai3 signaling in adults, we knocked down C1ql1 in

the IO neurons of adult WT mice by infecting them with an

AAV that contained an engineered microRNA targeting C1ql1

plus the GFP gene (miR-C1ql1) (Figure 5A). Expression of miR-

A
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I J
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C D

Figure 4. C1ql1-Bai3 Signaling Triggers Surplus CF Synapse Elimi-

nation in Adult Mutant Mice

(A) Cartoon showing the AAV injection into adult C1ql1-null mouse IO for the

expression of C1ql1. Experiments were performed at 14–21 days postinfection

(dpi).

(B) CF-EPSCs recorded from adult C1ql1-null Purkinje cells innervated by CFs

expressing WT C1ql1 (C1ql1WT, center), C1ql1GW (right), and empty vector

(CTL, left).

(C and D) Histograms showing the percentage of the number of CFs inner-

vating single Purkinje cells (C) and the strongest CF-EPSC amplitudes (D) in

each condition.

(E) Diagrams (left) for C1ql1WT, C1ql1GW, and their globular domains (gC1ql1WT

and gC1ql1GW, respectively), and the equilibrium SPR data of each C1ql1

binding to eBai3 (right). RU, resonance unit.

(F) Cartoon representation of the gC1ql1WT (top) and gC1ql1GW (bottom)

trimeric structures. Individual monomers are separately colored. Glycosylation

sites introduced by mutagenesis (original residues were Q211 and S244) are

indicated by spheres in C1ql1WT. The gC1ql1GW trimeric structure is shown

with modeled Man9GlcNAc2 glycans (atoms in sphere representation).

(G) Cartoon showing the lentivirus injection into adult PC-Bai3-null mouse

cerebellum for the expression of Bai3. Experiments were performed at 14–21

dpi.

(H) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing WT

Bai3 (Bai3WT, center), Bai3DCUB (right), and empty vector (CTL, left).

(I and J) Histograms showing the percentage of the number of CFs innervating

single Purkinje cells (I) and the strongest CF-EPSC amplitudes (J) in each

condition.

*p < 0.05, ***p < 0.001 by Kruskal-Wallis test followed by Steel post hoc test.

ns, no significance. Data are represented as mean ± SEM.

See also Figures S4 and S6 and Table 1.
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C1ql1 significantly reduced C1ql1 immunoreactivities in GFP-

expressing IO neurons (17% ± 6% of IO neurons expressing

scrambled microRNA [miR-SCR], p < 0.05; Figure 5B). IHC anal-

ysis of cerebellar slices revealed that the number of vGluT2-pos-

itive puncta was significantly reduced in mice expressing miR-

C1ql1 (110 ± 9, n = 10 slices; Figures 5C and 5D) compared to

mice expressing miR-SCR (180 ± 6, n = 10 slices; p < 0.001; Fig-

ures 5C and 5D). In addition, the depth of the molecular layer

thickness reached by the most distal CF terminals was reduced

in mice expressing miR-C1ql1 (80% ± 1%, n = 10 slices; Figures

5C and 5E) compared to mice expressing miR-SCR (84% ± 1%,

n = 10 slices, p < 0.05; Figures 5C and 5E). In contrast, whole-cell

patch-clamp recordings from adult cerebellar slices revealed

that similar percentages of Purkinje cells were innervated by sin-

gle CFs in mice expressing miR-C1ql1 (83%; Figures 5F and 5G)

and miR-SCR (89%, p = 0.51; Figures 5F and 5G). Nevertheless,

the amplitudes of the strongest CF-EPSCs were significantly

smaller in mice expressing miR-C1ql1 (p < 0.001 versus miR-

SCR; Figures 5F and 5H). The reduced amplitudes of CF-EPSCs

due to miR-C1ql1 expression were restored by coexpression of

the miR-C1ql1-resistant form of C1ql1WT (rC1ql1WT; p < 0.001

versus miR-C1ql1) but not the resistant form of C1ql1GW

(rC1ql1GW; p = 0.64 versus miR-C1ql1; Figures 5F and 5H). We

also knocked down Bai3 by infecting adult WT Purkinje cells

with a lentivirus containing an engineered microRNA targeting

Bai3 plus the GFP gene (miR-Bai3; Figure S7). We obtained

essentially the same results as those with miR-C1ql1. It is impor-

tant to note that the reduced CF-EPSC amplitudes observed

with miR-Bai3 were restored by coexpression of the miR-Bai3-

resistant form of Bai3WT but not Bai3DCUB (Figure S7). Together,

these results indicate that, even after a single final winner CFwas

selected, C1ql1-Bai3 signaling was necessary to maintain the

winner CF synapses on Purkinje cell dendrites.

C1ql1-Bai3 Signaling in Motor Learning
To understand the consequences of abnormal CF synapses

in vivo, we examined the behaviors of C1ql1-null and PC-Bai3-

null mice. Unexpectedly, thesemice showed no ataxia and could

walk along a straight line with regular steps (Movie S1). They

showed normal motor coordination on the rotor-rod test (Figures

S8A and S8B). Nystagmus, which is characteristic of GluD2-null

humans (Hills et al., 2013) and mice (Yoshida et al., 2004), was

absent in the C1ql1-null and PC-Bai3-null mice (Figures S8C–

S8E). These results indicate that innervation of Purkinje cells

by multiple CFs does not necessarily manifest as gross motor

discoordination or nystagmus.

To further clarify the role of C1ql1-Bai3 signaling in the cere-

bellum, we next examined adaptation of the horizontal optoki-

netic response (hOKR), a motor learning paradigm shown to be

dependent on the cerebellum (Ito, 2006). Continuous oscillation

of a screen around a stationary animal increases the hOKR gain

inWTmice (Figures 6A and 6B). Although the hOKRwas similarly

observed in all genotypes before the training (Figure 6B; Movie

S2), the gain did not increase in C1ql1-null and PC-Bai3-null

mice (Figures 6C and 6D; Movie S2), indicating that motor

learning was severely impaired in these mice.

According to the Marr-Albus-Ito theory, the activities of CFs

encode retinal slip errors that serve as a teacher signal to

induce long-term depression (LTD) of synaptic transmission

at concomitantly activated PF synapses, leading to hOKR

adaptation (Ito, 2013). To test this hypothesis, we examined

whether LTD could be induced in cerebellar slices prepared

from C1ql1-null and PC-Bai3-null mice by simultaneously acti-

vating PFs and CFs for 2 min at 1 Hz in the current-clamp mode

(Figure 6E). This protocol robustly induced LTD of PF-evoked

EPSCs (PF-EPSCs) in WT, but not C1ql1-null (p < 0.001; Fig-

ures 6F and 6G) or PC-Bai3-null (p < 0.001 versus control; Fig-

ures 6F and 6H), Purkinje cells. Activation of CF input triggers

dendritic spikes and a burst of somatic spikes known as

complex spikes in WT Purkinje cells (Eccles et al., 1966). The

occurrence of the complex spike was significantly reduced in

Purkinje cells from C1ql1-null (53 ± 9 in 120 trials, n = 22 versus

WT [118 ± 2 in 120 trials, n = 22]; p < 0.001 by Mann-Whitney U

test) and PC-Bai3-null mice (64 ± 8 in 120 trials, n = 24 versus

Table 1. Crystallographic Data Collection and Structure

Refinement Statistics

Statistics gC1ql1

Data Collection

Space group H3

Cell dimensions: a, b, c (Å) 68.08, 68.08, 65.91

Cell angles: a, b, g (�) 90.00, 90.00, 120.00

Resolution (Å) 43.94–1.44 (1.48–1.44)

Total reflections 155,787 (11,142)

Unique reflections 20,630 (1,532)

Completeness (%) 100.0 (99.9)

Rmerge 0.067 (0.875)

Rpim 0.028 (0.378)

I/sI 16.9 (2.1)

Redundancy 7.6 (7.3)

Wilson B factor (Å2) 11.55

Refinement Statistics

Resolution range (Å) 34.04–1.44 (1.51–1.44)

Number of reflections 20,628 (2,956)

Rwork 0.140 (0.205)

Rfree
a 0.169 (0.255)

Number of atoms 1,121

Protein 1,029

Ligands (Cd, Ni, Mg, Cl) 7 (2, 2, 1, 2)

Water molecules 85

RMSD bonds (Å) 0.006

RMSD angles (�) 1.096

Average B factors (Å2)

Protein main/side chains 14.43/18.92

Cd/Ni/Mg/Cl 13.16/10.00/28.39/45.39

Water 31.01

This structure was determined from one crystal. Numbers in parentheses

refer to the highest resolution shell. Ramachandran statistics andMolpro-

bity scores are included in the Supplemental Experimental Procedures.

RMSD, root-mean-square deviation.
aRfree was calculated as per Rwork for a 5% subset of reflections that was

not used in the crystallographic refinement.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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The coordinates and structure factors for the reported crystal structure are

deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

eight figures, and two movies and can be found with this article online at

http://dx.doi.org/10.1016/j.neuron.2014.12.020.

AUTHOR CONTRIBUTIONS

W.K. designed the project, carried out the electrophysiological and behavioral

works, analyzed the data, and wrote the paper. N.M. and A.R.A. performed

structural and SPR analyses and designed mutant constructs. E.M. performed

the anatomical experiments and the IUE approach. M.A. and K.S. designed

and generated mutant mice. K.M. performed the cell binding assays. Y.H.T.

designed and prepared the microRNA constructs. K.K., A.T., J.M., and S.M.

designed and prepared the recombinant viruses. S.N. supervised the hOKR

experiment. M.W. generated essential antibodies. M.Y. designed and super-

vised the project and wrote the paper.

ACKNOWLEDGMENTS

We thank S. Narumi and S. Otsuka for their technical assistance and S. Mat-

suda and K.F. Tanaka for their useful comments. We also thank T. Miyazaki

and K. Konno for their support on anatomical experiments, H. Okado for lenti-

virus production, H. Sakuma and T. Watanabe (Zeiss) for their support on

superresolution microscopy analysis, and the staff at Diamond beamline I04

for synchrotron assistance. This work was supported by a grant-in-aid for sci-

entific research from the Ministry of Education, Culture, Sports, Science and

Technology of Japan and the Japan Society for the Promotion of Science

(W.K. and M.Y.); the CREST from the Japan Science and Technology Agency

(M.Y.); the Kanae Foundation (W.K.); the Nakajima Foundation (W.K.); the Keio

Gijuku Fukuzawa Memorial Fund for the Advancement of Education and

Research (W.K.); the Takeda Science Foundation (W.K. and M.Y.); the UK

Medical Research Council (MRC) (A.R.A.); and aWellcome Trust PhD student-

ship (N.M.). Further support from the Wellcome Trust Core Award 090532/Z/

09/Z is acknowledged. A.R.A. is an MRC Senior Research Fellow.

Accepted: November 26, 2014

Published: January 21, 2015

REFERENCES
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for the Maintenance of CF Synapse in Adults

(A) Cartoon showing the AAV injection into adult WT

mouse IO for the introduction of miR-C1ql1 or miR-

SCR. Experiments were performed at 14–21 dpi.

(B) IHC images (left) and the quantitative data (right)

showing C1ql1 is knocked down by miR-C1ql1

(right) but not miR-SCR (left) in GFP-expressing IO

neurons. Scale bar, 100 mm.

(C) IHC images of vGluT2 in adult WT mouse cere-

bella with CFs expressing GFP plus miR-SCR (left)

or miR-C1ql1 (right). vGluT2 immunoreactivities are

binarized in the bottom. Dotted lines and asterisks

represent pial surface of the molecular layer and

Purkinje cell soma, respectively. Scale bar, 20 mm.

(D and E) Quantification of the density (D) and the

height (E) of vGluT2 puncta on the molecular layer of

each condition.

(F) CF-EPSCs evoked by various stimulus intensities

in adult WT cerebellar slices with CFs introducing

miR-SCR, miR-C1ql1, miR-C1ql1 plus a resistant

form of C1ql1 (rC1ql1WT) or miR-C1ql1 plus a

rC1ql1GW.

(G and H) Histograms showing the percentage of the

number of CFs innervating single Purkinje cells (G)

and the strongest CF-EPSC amplitudes (H) in each

condition.

*p < 0.05, ***p < 0.001 byMann-Whitney U test in (B),

(D), and (E). *p < 0.05, ***p < 0.001 by Kruskal-Wallis

test followed by Scheffé post hoc test in (H). ns, no

significance. Data are represented as mean ± SEM.

See also Figure S7.
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Figure 6. Abnormal CF Synapses Impair Synaptic Plasticity and Motor Learning in Adult Mutant Mice

(A) Cartoon showing hOKR system. The mouse was mounted on a table surrounded by a checked-pattern screen with its head fixed. Eye movements during

sinusoidal oscillation of the screen (15�) were monitored.

(B–D) Representative hOKR waveforms before (pre) and 60 min after (post) training (B) and the data of hOKR acquisition for 60 min in WT versus C1ql1-null (C)

mice and PC-Bai3-null versus its control littermate Bai3flox (CTL, D).

(E) An orientation of stimulus and recording electrodes (left) and the stimulus protocol (CJ-stim, right) to induce LTD at PF synapses.

(F–H) PF-EPSCs just before (black) and 30min after (red) CJ-stim (F) and the data of LTD recordings inWT versusC1ql1-null mice (G) and PC-Bai3-null versusCTL

mice (H).

(I–K) Complex spike waveforms recorded from each mouse (I) and the quantification of the amplitude of afterhyperpolarization (AHP, J) and the pause length of

spontaneous spikes (K) after the complex spike.

***p < 0.001 by two-way repeated-measures ANOVA in (C) and (D). *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney U test in (G), (H), (J), and (K). Data are

represented as mean ± SEM.

See also Figure S8 and Movies S1 and S2.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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deposited in the Protein Data Bank (PDB) under PDB ID 4d7y.
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and Brunger, A.T. (2012). A novel evolutionarily conserved domain of cell-

adhesion GPCRs mediates autoproteolysis. EMBO J. 31, 1364–1378.

Bolliger, M.F., Martinelli, D.C., and Südhof, T.C. (2011). The cell-adhesion G

protein-coupled receptor BAI3 is a high-affinity receptor for C1q-like proteins.

Proc. Natl. Acad. Sci. USA 108, 2534–2539.

Bosman, L.W., Takechi, H., Hartmann, J., Eilers, J., and Konnerth, A. (2008).

Homosynaptic long-term synaptic potentiation of the ‘‘winner’’ climbing fiber

synapse in developing Purkinje cells. J. Neurosci. 28, 798–807.

Carrillo, J., Nishiyama, N., and Nishiyama, H. (2013). Dendritic translocation

establishes the winner in cerebellar climbing fiber synapse elimination.

J. Neurosci. 33, 7641–7653.

Cesa, R., and Strata, P. (2009). Axonal competition in the synaptic wiring of the

cerebellar cortex during development and in the mature cerebellum.

Neuroscience 162, 624–632.

328 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.

Chen, C., and Tonegawa, S. (1997). Molecular genetic analysis of synaptic

plasticity, activity-dependent neural development, learning, and memory in

the mammalian brain. Annu. Rev. Neurosci. 20, 157–184.
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(A) Cartoon showing the AAV injection into adult WT

mouse IO for the introduction of miR-C1ql1 or miR-

SCR. Experiments were performed at 14–21 dpi.

(B) IHC images (left) and the quantitative data (right)

showing C1ql1 is knocked down by miR-C1ql1

(right) but not miR-SCR (left) in GFP-expressing IO

neurons. Scale bar, 100 mm.

(C) IHC images of vGluT2 in adult WT mouse cere-

bella with CFs expressing GFP plus miR-SCR (left)

or miR-C1ql1 (right). vGluT2 immunoreactivities are

binarized in the bottom. Dotted lines and asterisks

represent pial surface of the molecular layer and

Purkinje cell soma, respectively. Scale bar, 20 mm.

(D and E) Quantification of the density (D) and the

height (E) of vGluT2 puncta on the molecular layer of

each condition.

(F) CF-EPSCs evoked by various stimulus intensities

in adult WT cerebellar slices with CFs introducing

miR-SCR, miR-C1ql1, miR-C1ql1 plus a resistant

form of C1ql1 (rC1ql1WT) or miR-C1ql1 plus a

rC1ql1GW.

(G and H) Histograms showing the percentage of the

number of CFs innervating single Purkinje cells (G)

and the strongest CF-EPSC amplitudes (H) in each

condition.

*p < 0.05, ***p < 0.001 byMann-Whitney U test in (B),

(D), and (E). *p < 0.05, ***p < 0.001 by Kruskal-Wallis

test followed by Scheffé post hoc test in (H). ns, no

significance. Data are represented as mean ± SEM.

See also Figure S7.
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Figure 6. Abnormal CF Synapses Impair Synaptic Plasticity and Motor Learning in Adult Mutant Mice

(A) Cartoon showing hOKR system. The mouse was mounted on a table surrounded by a checked-pattern screen with its head fixed. Eye movements during

sinusoidal oscillation of the screen (15�) were monitored.

(B–D) Representative hOKR waveforms before (pre) and 60 min after (post) training (B) and the data of hOKR acquisition for 60 min in WT versus C1ql1-null (C)

mice and PC-Bai3-null versus its control littermate Bai3flox (CTL, D).

(E) An orientation of stimulus and recording electrodes (left) and the stimulus protocol (CJ-stim, right) to induce LTD at PF synapses.

(F–H) PF-EPSCs just before (black) and 30min after (red) CJ-stim (F) and the data of LTD recordings inWT versusC1ql1-null mice (G) and PC-Bai3-null versusCTL

mice (H).

(I–K) Complex spike waveforms recorded from each mouse (I) and the quantification of the amplitude of afterhyperpolarization (AHP, J) and the pause length of

spontaneous spikes (K) after the complex spike.

***p < 0.001 by two-way repeated-measures ANOVA in (C) and (D). *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney U test in (G), (H), (J), and (K). Data are

represented as mean ± SEM.

See also Figure S8 and Movies S1 and S2.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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control [120 in 120 trials, n = 30]; p < 0.001 by Mann-Whitney

U test). Furthermore, dendritic spikes reportedly convey

additional signals by triggering a pause in firing following the

complex spike in WT Purkinje cells (Davie et al., 2008). Such

CF-evoked afterhyperpolarization (Figures 6I and 6J) and sup-

pression of the spontaneous spikes (Figures 6I and 6K) were

significantly reduced in Purkinje cells from C1ql1-null (both

ps < 0.05 versus WT) and PC-Bai3-null mice (p < 0.001 and

p < 0.01 versus control, respectively). These findings indicate

that C1ql1-Bai3 signaling is required for normal CF functions,

such as complex spikes and CF-evoked afterhyperpolarization,

which are necessary for LTD and motor learning in the adult

cerebellum.

DISCUSSION

In the present study, we demonstrated that C1ql1 from CFs

plays crucial roles in determining a single-winner CF during

development by binding to its postsynaptic receptor Bai3 in

Purkinje cells. CF synapse competition during development is

divided into at least three stages: selection of functionally domi-

nant CFs by P7 (Figure 7A), further strengthening and transloca-

tion of the dominant CF to Purkinje cell dendrites (Figure 7B), and

elimination of weak CFs remaining on the soma while maintain-

ing a single-winner CF (Figure 7C). We propose that C1ql1-

Bai3 signaling is required for the second and third stages; in

the absence of C1ql1-Bai3 signaling, the dominant CF cannot

be strengthened enough to prevent the translocation of synap-

ses formed by less dominant CFs (Figure 7F), which escape

from the later elimination process (Figure 7G). These phenotypes

could be rescued by expression of C1ql1 and Bai3 in adult

C1ql1-null and PC-Bai3-null mice, respectively (Figure 7H).

Conversely, maintenance of the winner CF requires C1ql1-Bai3

signaling throughout adulthood (Figure 7D). Furthermore,

C1ql1 and Bai3 were essential for CFs to mediate cerebellar

synaptic plasticity necessary for motor learning. Therefore,
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Figure 7. A Model for C1ql1-Bai3 Signaling in Synaptic Competition at CF Synapses

(A and E) The disparity is formed among multiple CFs innervating a single Purkinje cell soma by P7 in both WT (A) and C1ql1-null or PC-Bai3-null (E) cerebellum.

(B) Although the C1ql1-Bai3 signaling promotes maturation of all CFs, the winning CF may trigger a signaling pathway to eliminate less dominant synapses. The

winning CF may occupy the postsynaptic region close to proximal dendrites and prevent translocation of somatic synapses formed by less dominant CFs to

proximal dendrites.

(C) CFs remaining on the Purkinje cell soma are eventually eliminated.

(D) Knockdown of C1ql1 or Bai3 revealed that the C1ql1-Bai3 signaling is required to maintain the winner CF in adult.

(F) In the absence of C1ql1-Bai3 signaling, the dominant CF cannot be strengthened enough to prevent the translocation of synapses formed by less

dominant CFs.

(G) Weak CF synapses translocated to proximal dendrites escape from the elimination process at soma.

(H) Expression of C1ql1 or Bai3 in adultC1ql1-null or PC-Bai3-null Purkinje cells determines the single-winner CF by promoting thematuration of the dominant CF

and eliminating less dominant CFs.

326 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.

C1ql1-Bai3 signaling represents a new mechanism that regu-

lates the selection and maintenance of functional winner inputs

by an anterograde signal supplied by the input neuron itself.

Dual C1ql1-Bai3 Signaling in CF Synapse Formation and
Elimination
The P/Q-type Ca2+ channel is the major Ca2+ channel in Purkinje

cells and reportedly regulates developmental CF pruning (Kano

and Hashimoto, 2009; Watanabe and Kano, 2011). Ca2+ channel

activities are thought to mediate the selective enhancement of

a single strong CF input by inducing long-term potentiation

(LTP) (Bosman et al., 2008) and activating Sema3A signaling

in Purkinje cells (Uesaka et al., 2014). Ca2+ channel activities

also reportedly induce synapse elimination by activating the

Arc/Arg3.1 pathway in Purkinje cells (Mikuni et al., 2013).

GABAergic inputs also likely regulate CF elimination by control-

ling Ca2+ channel activities in Purkinje cells (Nakayama et al.,

2012; Watanabe and Kano, 2011). Indeed, mice lacking func-

tional P/Q-type Ca2+ channels do not exhibit disparity among

multiple CF inputs by P7, and Purkinje cells in adult mice remain

innervated by multiple CFs (Hashimoto et al., 2011; Miyazaki

et al., 2004). In contrast, disparity is normally formed among

CF inputs in C1ql1-null mice by P7, which is consistent with

the normal Ca2+ channel activities in these mice (Figure S2).

The CF-EPSC amplitudes in Purkinje cells lacking P/Q-type

Ca2+ channels (Hashimoto et al., 2011) or GABAergic inputs

(Nakayama et al., 2012) increased at later developmental stages

to a level similar to that in WTmice. By contrast, the amplitude of

the largest CF-EPSCs remained constant after P7–P9 in C1ql1-

null mice (Figure 1H). These findings indicate that C1ql1 does not

simply mediate signaling downstream of Ca2+ channels.

Another major pathway that reportedly mediates CF elimina-

tion in the later developmental stage (approximately the P12

stage in mice) is mGluR1 and its downstream signaling in Pur-

kinje cells, which involves molecules such as Gaq, phospholi-

pase Cb4, protein kinase Cg (PKCg) (Kano and Hashimoto,

2009; Uesaka et al., 2014; Watanabe and Kano, 2011), and

Sema7A (Uesaka et al., 2014). In mice lacking one of these

mGluR1 signaling pathway components, Purkinje cells remain

innervated bymultiple CFs, even in adulthood. Because mGluR1

is activated mainly by PF inputs, innervation of Purkinje cells

by multiple CFs in GluD2-null or Cbln1-null mice is thought

to be caused by impaired PF synapse formation (Watanabe

and Kano, 2011). However, unlike in C1ql1-null or PC-Bai3-null

mice, the numbers and heights of the CF terminals are unaf-

fected in mGluR1 knockout mice (Hashimoto et al., 2001). Simi-

larly, CF-EPSC amplitudes were also unaffected in Sema7A

knocked-down Purkinje cells (Uesaka et al., 2014), indicating

that signaling pathways downstream of mGluR1 are distinct

from C1ql1-Bai3.

If this is the case, then what is the function of C1ql1-Bai3

signaling? C1ql1 enhanced the amplitudes of the strongest

CF-EPSC and the weaker CF-EPSCs when it was overex-

pressed in all CFs at P0–P1 (Figure 2D). In addition, when

C1ql1 or Bai3 was knocked down in adult WT mice, the CF-

EPSC amplitudes and the number of CF synapses decreased

(Figures 5 and S7). Similarly, the number of CF terminals was

reduced in C1ql1-null and PC-Bai3-null cerebella (Figures 1

and 3). These results indicate that the primary function of

C1ql1-Bai3 signaling is to promote CF synapse maturation

regardless of their synaptic strength. Synapse maturation could

be caused by enhanced formation or/and reduced removal of

synapses. Because the height of the CF synapses were signifi-

cantly reduced in the absence of C1ql1-Bai3 signaling (Figures

1, 3, 5, and S7), CFs are likely more dependent on C1ql1-Bai3

signaling to form and maintain synapses at distal regions of Pur-

kinje cell dendritic shafts.

C1ql1-Bai3 signaling exerts an apparently opposite function

on loser CFs: while overexpression of C1ql1 at P0–P1 strength-

ened winner CFs, it promoted early elimination of loser CFs at

P14–P15 (Figure 2). Similarly, reintroduction of C1ql1 or Bai3

in mice deficient in the corresponding molecule induced the

elimination of weak CF inputs in the adult cerebellum (Figure 4).

C1ql1-Bai3 signaling may simply promote maturation of the

dominant CF to the level where it could trigger signaling path-

ways, such as Ca2+ spikes and Arc/Arg3.1, to eliminate weaker

CF inputs, whereas the winner CFs with strong C1ql1-Bai3

signaling may be resistant to the elimination process. The auto-

proteolysis domain of Bai3 may also serve as a bistable switch

to distinguish the winner from losing synapses (Araç et al.,

2012). Alternatively, C1ql1-Bai3 signaling may trigger a

pathway, which is independent of maturation of a winner CF,

to eliminate weak CF inputs. For example, Bai1, a relative of

Bai3, reportedly interacts with Elmo1/Dock180 (Park et al.,

2007) or Par3/Tiam1 (Duman et al., 2013) to control the activity

of the small GTPase Rac, a powerful regulator of actin cytoskel-

etal organization. Indeed, Bai3 was shown to interact with Elmo1

in vitro (Lanoue et al., 2013). Further studies are clearly war-

ranted to clarify how C1ql1-Bai3 signaling is regulated and func-

tions at CF synapses.

The Purkinje cell dendrites consist of two domains, a proximal

one innervated by single CFs and a distal one on which many

PF synapses are formed. These two domains are dynamically

established and maintained by competition between PFs and

CFs (Cesa and Strata, 2009; Watanabe and Kano, 2011). For

example, when PF synapses are reduced in Cbln1-null (Hirai

et al., 2005) or GluD2-null (Hashimoto et al., 2001) mice, CFs

form synapses on distal dendrites of Purkinje cells. Conversely,

when CF synaptic activity was pharmacologically inhibited or IO

neurons were lesioned, CF synapses were lost and PFs formed

synapses on proximal Purkinje cell dendrites (Cesa and Strata,

2009; Watanabe and Kano, 2011). Similarly, PFs invaded CF

territories in P/Q-type Ca2+ channel-deficient Purkinje cells

(Miyazaki et al., 2004). Notably, although CF synaptic inputs

were reduced, PF synapses did not form on proximal dendrites

of C1ql1-null or PC-Bai3-null Purkinje cells (Figures S1E and

S3E). These findings indicate that, although changes in C1ql1-

Bai3 signaling may be involved in the dynamic regulation of

CF territories, its deficiency was not sufficient to allow PFs to

form synapses on the proximal domain of Purkinje cell den-

drites. PF synapse formation requires Cbln1 released from

PFs to bind to GluD2 (Matsuda et al., 2010). Because GluD2

clustering is destabilized by Ca2+ channel activities (Hirai,

2001), reduction of Ca2+ channel activities may be a prerequisite

for PFs to form synapses on the proximal dendritic domain of

Purkinje cells.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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control [120 in 120 trials, n = 30]; p < 0.001 by Mann-Whitney

U test). Furthermore, dendritic spikes reportedly convey

additional signals by triggering a pause in firing following the

complex spike in WT Purkinje cells (Davie et al., 2008). Such

CF-evoked afterhyperpolarization (Figures 6I and 6J) and sup-

pression of the spontaneous spikes (Figures 6I and 6K) were

significantly reduced in Purkinje cells from C1ql1-null (both

ps < 0.05 versus WT) and PC-Bai3-null mice (p < 0.001 and

p < 0.01 versus control, respectively). These findings indicate

that C1ql1-Bai3 signaling is required for normal CF functions,

such as complex spikes and CF-evoked afterhyperpolarization,

which are necessary for LTD and motor learning in the adult

cerebellum.

DISCUSSION

In the present study, we demonstrated that C1ql1 from CFs

plays crucial roles in determining a single-winner CF during

development by binding to its postsynaptic receptor Bai3 in

Purkinje cells. CF synapse competition during development is

divided into at least three stages: selection of functionally domi-

nant CFs by P7 (Figure 7A), further strengthening and transloca-

tion of the dominant CF to Purkinje cell dendrites (Figure 7B), and

elimination of weak CFs remaining on the soma while maintain-

ing a single-winner CF (Figure 7C). We propose that C1ql1-

Bai3 signaling is required for the second and third stages; in

the absence of C1ql1-Bai3 signaling, the dominant CF cannot

be strengthened enough to prevent the translocation of synap-

ses formed by less dominant CFs (Figure 7F), which escape

from the later elimination process (Figure 7G). These phenotypes

could be rescued by expression of C1ql1 and Bai3 in adult

C1ql1-null and PC-Bai3-null mice, respectively (Figure 7H).

Conversely, maintenance of the winner CF requires C1ql1-Bai3

signaling throughout adulthood (Figure 7D). Furthermore,

C1ql1 and Bai3 were essential for CFs to mediate cerebellar

synaptic plasticity necessary for motor learning. Therefore,

"Maintenance"

Translocation

Dominant
CF

C1ql1

Bai3

Purkinje
cell

Less dominant
CFs

Translocation

Functional
differentiation

Functional
differentiation

C1ql1 - Bai3 signaling

"Elimination"

HGFE

DCBA

"Maturation"

Translocation

"Elimination"

C1ql1, Bai3
expression

C1ql1, Bai3
knockdown

C1ql1-null / PC-Bai3-null

WT

Figure 7. A Model for C1ql1-Bai3 Signaling in Synaptic Competition at CF Synapses

(A and E) The disparity is formed among multiple CFs innervating a single Purkinje cell soma by P7 in both WT (A) and C1ql1-null or PC-Bai3-null (E) cerebellum.

(B) Although the C1ql1-Bai3 signaling promotes maturation of all CFs, the winning CF may trigger a signaling pathway to eliminate less dominant synapses. The

winning CF may occupy the postsynaptic region close to proximal dendrites and prevent translocation of somatic synapses formed by less dominant CFs to

proximal dendrites.

(C) CFs remaining on the Purkinje cell soma are eventually eliminated.

(D) Knockdown of C1ql1 or Bai3 revealed that the C1ql1-Bai3 signaling is required to maintain the winner CF in adult.

(F) In the absence of C1ql1-Bai3 signaling, the dominant CF cannot be strengthened enough to prevent the translocation of synapses formed by less

dominant CFs.

(G) Weak CF synapses translocated to proximal dendrites escape from the elimination process at soma.

(H) Expression of C1ql1 or Bai3 in adultC1ql1-null or PC-Bai3-null Purkinje cells determines the single-winner CF by promoting thematuration of the dominant CF

and eliminating less dominant CFs.
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C1ql1-Bai3 signaling represents a new mechanism that regu-

lates the selection and maintenance of functional winner inputs

by an anterograde signal supplied by the input neuron itself.

Dual C1ql1-Bai3 Signaling in CF Synapse Formation and
Elimination
The P/Q-type Ca2+ channel is the major Ca2+ channel in Purkinje

cells and reportedly regulates developmental CF pruning (Kano

and Hashimoto, 2009; Watanabe and Kano, 2011). Ca2+ channel

activities are thought to mediate the selective enhancement of

a single strong CF input by inducing long-term potentiation

(LTP) (Bosman et al., 2008) and activating Sema3A signaling

in Purkinje cells (Uesaka et al., 2014). Ca2+ channel activities

also reportedly induce synapse elimination by activating the

Arc/Arg3.1 pathway in Purkinje cells (Mikuni et al., 2013).

GABAergic inputs also likely regulate CF elimination by control-

ling Ca2+ channel activities in Purkinje cells (Nakayama et al.,

2012; Watanabe and Kano, 2011). Indeed, mice lacking func-

tional P/Q-type Ca2+ channels do not exhibit disparity among

multiple CF inputs by P7, and Purkinje cells in adult mice remain

innervated by multiple CFs (Hashimoto et al., 2011; Miyazaki

et al., 2004). In contrast, disparity is normally formed among

CF inputs in C1ql1-null mice by P7, which is consistent with

the normal Ca2+ channel activities in these mice (Figure S2).

The CF-EPSC amplitudes in Purkinje cells lacking P/Q-type

Ca2+ channels (Hashimoto et al., 2011) or GABAergic inputs

(Nakayama et al., 2012) increased at later developmental stages

to a level similar to that in WTmice. By contrast, the amplitude of

the largest CF-EPSCs remained constant after P7–P9 in C1ql1-

null mice (Figure 1H). These findings indicate that C1ql1 does not

simply mediate signaling downstream of Ca2+ channels.

Another major pathway that reportedly mediates CF elimina-

tion in the later developmental stage (approximately the P12

stage in mice) is mGluR1 and its downstream signaling in Pur-

kinje cells, which involves molecules such as Gaq, phospholi-

pase Cb4, protein kinase Cg (PKCg) (Kano and Hashimoto,

2009; Uesaka et al., 2014; Watanabe and Kano, 2011), and

Sema7A (Uesaka et al., 2014). In mice lacking one of these

mGluR1 signaling pathway components, Purkinje cells remain

innervated bymultiple CFs, even in adulthood. Because mGluR1

is activated mainly by PF inputs, innervation of Purkinje cells

by multiple CFs in GluD2-null or Cbln1-null mice is thought

to be caused by impaired PF synapse formation (Watanabe

and Kano, 2011). However, unlike in C1ql1-null or PC-Bai3-null

mice, the numbers and heights of the CF terminals are unaf-

fected in mGluR1 knockout mice (Hashimoto et al., 2001). Simi-

larly, CF-EPSC amplitudes were also unaffected in Sema7A

knocked-down Purkinje cells (Uesaka et al., 2014), indicating

that signaling pathways downstream of mGluR1 are distinct

from C1ql1-Bai3.

If this is the case, then what is the function of C1ql1-Bai3

signaling? C1ql1 enhanced the amplitudes of the strongest

CF-EPSC and the weaker CF-EPSCs when it was overex-

pressed in all CFs at P0–P1 (Figure 2D). In addition, when

C1ql1 or Bai3 was knocked down in adult WT mice, the CF-

EPSC amplitudes and the number of CF synapses decreased

(Figures 5 and S7). Similarly, the number of CF terminals was

reduced in C1ql1-null and PC-Bai3-null cerebella (Figures 1

and 3). These results indicate that the primary function of

C1ql1-Bai3 signaling is to promote CF synapse maturation

regardless of their synaptic strength. Synapse maturation could

be caused by enhanced formation or/and reduced removal of

synapses. Because the height of the CF synapses were signifi-

cantly reduced in the absence of C1ql1-Bai3 signaling (Figures

1, 3, 5, and S7), CFs are likely more dependent on C1ql1-Bai3

signaling to form and maintain synapses at distal regions of Pur-

kinje cell dendritic shafts.

C1ql1-Bai3 signaling exerts an apparently opposite function

on loser CFs: while overexpression of C1ql1 at P0–P1 strength-

ened winner CFs, it promoted early elimination of loser CFs at

P14–P15 (Figure 2). Similarly, reintroduction of C1ql1 or Bai3

in mice deficient in the corresponding molecule induced the

elimination of weak CF inputs in the adult cerebellum (Figure 4).

C1ql1-Bai3 signaling may simply promote maturation of the

dominant CF to the level where it could trigger signaling path-

ways, such as Ca2+ spikes and Arc/Arg3.1, to eliminate weaker

CF inputs, whereas the winner CFs with strong C1ql1-Bai3

signaling may be resistant to the elimination process. The auto-

proteolysis domain of Bai3 may also serve as a bistable switch

to distinguish the winner from losing synapses (Araç et al.,

2012). Alternatively, C1ql1-Bai3 signaling may trigger a

pathway, which is independent of maturation of a winner CF,

to eliminate weak CF inputs. For example, Bai1, a relative of

Bai3, reportedly interacts with Elmo1/Dock180 (Park et al.,

2007) or Par3/Tiam1 (Duman et al., 2013) to control the activity

of the small GTPase Rac, a powerful regulator of actin cytoskel-

etal organization. Indeed, Bai3 was shown to interact with Elmo1

in vitro (Lanoue et al., 2013). Further studies are clearly war-

ranted to clarify how C1ql1-Bai3 signaling is regulated and func-

tions at CF synapses.

The Purkinje cell dendrites consist of two domains, a proximal

one innervated by single CFs and a distal one on which many

PF synapses are formed. These two domains are dynamically

established and maintained by competition between PFs and

CFs (Cesa and Strata, 2009; Watanabe and Kano, 2011). For

example, when PF synapses are reduced in Cbln1-null (Hirai

et al., 2005) or GluD2-null (Hashimoto et al., 2001) mice, CFs

form synapses on distal dendrites of Purkinje cells. Conversely,

when CF synaptic activity was pharmacologically inhibited or IO

neurons were lesioned, CF synapses were lost and PFs formed

synapses on proximal Purkinje cell dendrites (Cesa and Strata,

2009; Watanabe and Kano, 2011). Similarly, PFs invaded CF

territories in P/Q-type Ca2+ channel-deficient Purkinje cells

(Miyazaki et al., 2004). Notably, although CF synaptic inputs

were reduced, PF synapses did not form on proximal dendrites

of C1ql1-null or PC-Bai3-null Purkinje cells (Figures S1E and

S3E). These findings indicate that, although changes in C1ql1-

Bai3 signaling may be involved in the dynamic regulation of

CF territories, its deficiency was not sufficient to allow PFs to

form synapses on the proximal domain of Purkinje cell den-

drites. PF synapse formation requires Cbln1 released from

PFs to bind to GluD2 (Matsuda et al., 2010). Because GluD2

clustering is destabilized by Ca2+ channel activities (Hirai,

2001), reduction of Ca2+ channel activities may be a prerequisite

for PFs to form synapses on the proximal dendritic domain of

Purkinje cells.
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Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice

lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-

kinje cells by CFs was thought to be required for motor coordi-

nation (Chen and Tonegawa, 1997). In contrast, although

C1ql1-null and PC-Bai3-null Purkinje cells remain innervated

by multiple CF inputs, these mice have normal gaits without

significant impairment in beam or rotor-rod tests (Figure S8;

Movie S1). However, motor learning, as measured by hOKR,

was severely impaired in these mice (Figure 6). Recently,

mGluR1b-rescue mice, in which the splice variant of mGluR1

is expressed in mGluR1-null Purkinje cells, were shown to

display normal motor coordination, even though their Purkinje

cells were innervated by multiple CFs. These mice showed

impaired LTD and eyeblink conditioning, another form of

cerebellum-dependent motor learning (Ohtani et al., 2014).

Similarly, a single injection of recombinant Cbln1 restored

LTD and eyeblink conditioning in adult Cbln1-null mice without

significantly affecting the CF innervation pattern or LTP at

PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,

GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-

nal amino acids was expressed in GluD2-null Purkinje cells,

displayed impaired LTD and eyeblink conditioning despite

morphologically normal PF and CF synapses (Kakegawa

et al., 2008). These findings indicate that LTD, rather than

monoinnervation of Purkinje cells by CFs, is likely linked to mo-

tor learning in the cerebellum and indicate that C1ql1-Bai3

signaling is required for normal CF functions, such as complex

spikes and CF-evoked afterhyperpolarization, which are neces-

sary for LTD.

Family members of C1ql1 (C1ql2–C1ql4) are expressed in

various brain regions (Iijima et al., 2010). Bai3 and its related

members Bai1 and Bai2 are also widely expressed (Kee et al.,

2004) and have been implicated in psychiatric disorders, such

as schizophrenia and bipolar disorders (Lanoue et al., 2013).

Thus, signaling mechanisms similar to the one mediated by

C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-

tition and maintenance in various neuronal circuits essential for

brain functions. In the hippocampus, C1ql2 and C1ql3 are highly

expressed in adult dentate gyrus granule cells, and their mossy

fiber afferents make dynamic branched axon-type synapses

like CFs. Notably, mossy fiber synapses reportedly display

learning-induced structural plasticity related to the precision of

learning in adult mice (Ruediger et al., 2011). Therefore, future

studies should assess whether and how C1ql proteins mediate

activity-dependent structural plasticity essential for memory

and learning.

EXPERIMENTAL PROCEDURES

All procedures related to animal care and treatment were performed in accor-

dance with the guidelines set down by the Animal Resource Committee of

Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-

ated and maintained on C57BL/6N backgrounds. As controls, WT mice were

used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-

Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates

were used as controls. Experimental details of mouse generation as well as

electrophysiological, anatomical, biochemical, structural, and behavioral ana-

lyses are described in the Supplemental Experimental Procedures. Data are

represented as mean ± SEM. Statistical analyses were performed using the

Excel statistics 2012 add-in software (Social Survey Research Information),

and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <

0.001.
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G
lutamate transporters (Excitatory Amino Acid Trans-
porter 1–5/EAAT1–5) are membrane-bound solute
carrier proteins that terminate glutamatergic neuro-

transmission and maintain the glutamate homeostasis by the
symport of extracellular glutamate and Naþ /Hþ into the glial
and neuronal cytoplasm1. The extracellular glutamate
concentration surges to 160–250 mM near perisynaptic
domains of Bergmann glia in the cerebellum, which is
rapidly buffered and cleared by binding to and reuptake
through EAATs2,3. When the glutamate-buffering/clearance
capacity falls short of glutamate-release activities, glutamate
pervades the extracellular space. Excessive external glutamate
entails protracted activation of glutamate receptors in the
nearest synaptic and extrasynaptic membranes, and in
the neighbouring synapses, and of glial responses. In the
cerebellar molecular layer, GLAST/EAAT1/SLC1A3 is highly
concentrated along perisynaptic Bergmann glial membranes4

and plays a major role in the clearance of glutamate released
from the parallel fibres (PFs, from granule cells in the
cerebellar granule cell layer) and climbing fibres (CFs, from
neurons in the inferior olivary nuclei) to Purkinje cells (PCs),
while GLT-1/EAAT2, the major glial transporter in the
forebrain, and neuronal EAAT4 play relatively minor roles5.
Genetic loss of GLAST results in anomalous CF–PC
innervations and defective motor coordination/learning6,
attesting its central role in Bergmann glia-mediated
glutamate homeostasis in the cerebellum.
Despite the developmental and physiological significance of

GLAST, and the linkage to human episodic ataxia and
schizophrenia7–9, little is known about the post-translational
regulation. Physical interactions with beta-III spectrin/GTRAP41
and ARHGEF11/GTRAP48 were reported to facilitate the
anchorage and activity of EAAT4 (ref. 10). However,
physiological significance of these findings from heterologous
cells, and whether these proteins modulate the localization
and/or activity of GLAST, remains unknown. Previous studies
demonstrated a physical interaction between GLAST and
septins (a family of polymerizing GTPases that constitute the
membrane skeleton) in vitro and in heterologous cells, and their
partial co-localization in Bergmann glia11,12. However,
hypothetical septin dependence of the perisynaptic targeting
and activity of GLAST has never been directly tested in vivo,
partly because of the redundancy among the septin family (see
Discussion).
Another line of biochemical and cell biological studies showed

that a family of CRIB-domain proteins CDC42EPs/BORGs binds
to septin hetero-oligomers or CDC42 (a signalling small GTPase
that controls cytoskeleton and cell morphogenesis) in a mutually
exclusive manner. The major determinant of the binding
preference of CDC42EPs is the status of CDC42-bound
nucleotide; GTP-CDC424septins4GDP-CDC42 (refs 13–15).
However, again, in vivo relevance of the hypothetical CDC42-
CDC42EP-septin pathway remains unclear.
Given the above background, genetic deletion of the dominant

CDC42EP species in Bergmann glia is a rational approach to
address the two open issues: physiological roles of the CDC42-
CDC42EP-septin pathway and of the septin–GLAST interaction
in the brain. We find robust co-expression and co-localization of
CDC42EP4 and septins in Bergmann glia, generate CDC42EP4-
null mice and conduct biochemical, fine morphological,
electrophysiological, pharmacological and behavioural analyses.
The unique and systematic approach reveals the requirement
of CDC42EP4 in Bergmann glia for the septin-mediated
perisynaptic localization of GLAST, and for the efficient
buffering and clearance of glutamate from around synapses
towards PCs.

Results
Selective expression of CDC42EP4 in Bergmann glia. We
conducted immunoblot (IB) for the expression profiling of the
CDC42EP4 protein in the whole brain, two brain subregions
(cerebellum and hippocampus) and seven non-neural tissues
from adult C57BL/6N mice (Fig. 1a). The major band of B39
kDa, which fits the calculated molecular mass of 37,980, was the
most abundant in the cerebellum (Fig. 1b and Supplementary
Fig. 15) as predicted from public gene expression databases
including National Center for Biotechnology Information.
Fluorescence in situ hybridization (FISH) for Cdc42ep4 mRNA

highlighted the PC layer in the cerebellum (Fig. 1c, left), which is
consistent with the data in the Allen Mouse Brain Atlas
#71723875 (Allen Institute for Brain Science). Double-label FISH
showed complementary distribution of mRNAs for CDC42EP4
and calbindin (PC marker) and overlap between mRNAs for
CDC42EP4 and GLAST (Bergmann glia marker; Fig. 1c, right),
demonstrating highly Bergmann glia-selective expression of the
Cdc42ep4 gene.

Clustering of CDC42EP4 in perisynaptic glial processes. Con-
sistently, double-label immunofluorescence (IF) for CDC42EP4
and calbindin, respectively, highlighted Bergmann glia and PCs in
a mutually exclusive manner (Fig. 1d). At a higher magnification
with a lower gain level, CDC42EP4 immunoreactivity appeared as
‘hotspots’, which were interspersed along PC dendrites and
tightly apposed to dendritic spines (Fig. 1d, right). CDC42EP4
was far more concentrated in the processes of Bergmann glia than
in the cell bodies (Fig. 1e).
To analyse the subcellular distribution of CDC42EP4 at higher

resolutions, we conducted silver-enhanced immunoelectron
microscopy. Bergmann glial processes thoroughly ensheathed
dendritic spines of PCs, except for synaptic contact sites with
axon terminals. Gold particles for CDC42EP4 were commonly
found as submembranous clusters in Bergmann glial processes
that surrounded dendritic spines, particularly around the spine
neck (Fig. 1f). Quantitative analysis demonstrated a gradient of
CDC42EP4 from the base (neck) to the apex (head) of spines
(Fig. 1g). These data indicate that CDC42EP4 in Bergmann glia is
localized beneath specific membrane domains that are facing
dendritic spines of PCs. The characteristic distribution of
CDC42EP4 is reminiscent of those of septin subunits, SEPT4/
H5 (ref. 16), SEPT7/hCDC10 (ref. 16) and SEPT2/Nedd5 (ref.
11), whose physiological role has been unknown.

Generation of Cdc42ep4-floxed and -null mice. To explore
physiological roles of Cdc42ep4 using a reverse genetic approach,
we generated a line of C57BL/6N mice harbouring a floxed allele,
which was subsequently converted to a null allele by crossing with
another line that ubiquitously expresses Cre recombinase
(Fig. 2a–c). Analyses of Cdc42ep4� /� offspring demonstrated
the total absence of CDC42EP4 in IB and IF (Fig. 2d,e and
Supplementary Fig. 15). For the following analyses, we
consistently compared Cdc42ep4� /� (knockout; KO) and
Cdc42ep4fl/fl (wild type; WT) male littermates generated from
Cdc42ep4fl/� (heterozygous) parents. There was no difference by
genotype in the gross appearance, body weight and fertility
(Supplementary Fig. 1).

Normal architecture of the Cdc42ep4� /� cerebellum. We
conducted IF with specific markers for the four major neuronal
and glial components (PFs, CFs, PCs and Bergmann glia), which
did not show obvious anomaly in the cerebellar cortex of KO
mice (Figs 3a and 5b). Transmission electron microscopy (TEM)
images showed no recognizable ultrastructural defects in the
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(cerebellum and hippocampus) and seven non-neural tissues
from adult C57BL/6N mice (Fig. 1a). The major band of B39
kDa, which fits the calculated molecular mass of 37,980, was the
most abundant in the cerebellum (Fig. 1b and Supplementary
Fig. 15) as predicted from public gene expression databases
including National Center for Biotechnology Information.
Fluorescence in situ hybridization (FISH) for Cdc42ep4 mRNA

highlighted the PC layer in the cerebellum (Fig. 1c, left), which is
consistent with the data in the Allen Mouse Brain Atlas
#71723875 (Allen Institute for Brain Science). Double-label FISH
showed complementary distribution of mRNAs for CDC42EP4
and calbindin (PC marker) and overlap between mRNAs for
CDC42EP4 and GLAST (Bergmann glia marker; Fig. 1c, right),
demonstrating highly Bergmann glia-selective expression of the
Cdc42ep4 gene.

Clustering of CDC42EP4 in perisynaptic glial processes. Con-
sistently, double-label immunofluorescence (IF) for CDC42EP4
and calbindin, respectively, highlighted Bergmann glia and PCs in
a mutually exclusive manner (Fig. 1d). At a higher magnification
with a lower gain level, CDC42EP4 immunoreactivity appeared as
‘hotspots’, which were interspersed along PC dendrites and
tightly apposed to dendritic spines (Fig. 1d, right). CDC42EP4
was far more concentrated in the processes of Bergmann glia than
in the cell bodies (Fig. 1e).
To analyse the subcellular distribution of CDC42EP4 at higher

resolutions, we conducted silver-enhanced immunoelectron
microscopy. Bergmann glial processes thoroughly ensheathed
dendritic spines of PCs, except for synaptic contact sites with
axon terminals. Gold particles for CDC42EP4 were commonly
found as submembranous clusters in Bergmann glial processes
that surrounded dendritic spines, particularly around the spine
neck (Fig. 1f). Quantitative analysis demonstrated a gradient of
CDC42EP4 from the base (neck) to the apex (head) of spines
(Fig. 1g). These data indicate that CDC42EP4 in Bergmann glia is
localized beneath specific membrane domains that are facing
dendritic spines of PCs. The characteristic distribution of
CDC42EP4 is reminiscent of those of septin subunits, SEPT4/
H5 (ref. 16), SEPT7/hCDC10 (ref. 16) and SEPT2/Nedd5 (ref.
11), whose physiological role has been unknown.

Generation of Cdc42ep4-floxed and -null mice. To explore
physiological roles of Cdc42ep4 using a reverse genetic approach,
we generated a line of C57BL/6N mice harbouring a floxed allele,
which was subsequently converted to a null allele by crossing with
another line that ubiquitously expresses Cre recombinase
(Fig. 2a–c). Analyses of Cdc42ep4� /� offspring demonstrated
the total absence of CDC42EP4 in IB and IF (Fig. 2d,e and
Supplementary Fig. 15). For the following analyses, we
consistently compared Cdc42ep4� /� (knockout; KO) and
Cdc42ep4fl/fl (wild type; WT) male littermates generated from
Cdc42ep4fl/� (heterozygous) parents. There was no difference by
genotype in the gross appearance, body weight and fertility
(Supplementary Fig. 1).

Normal architecture of the Cdc42ep4� /� cerebellum. We
conducted IF with specific markers for the four major neuronal
and glial components (PFs, CFs, PCs and Bergmann glia), which
did not show obvious anomaly in the cerebellar cortex of KO
mice (Figs 3a and 5b). Transmission electron microscopy (TEM)
images showed no recognizable ultrastructural defects in the
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molecular layer (Fig. 3b), including the lengths of the post-
synaptic density (PSD) in PF–PC synapses (Fig. 3c). Four major
proteins at glutamatergic synapses, GluA1, GluA2, GluA4 and
PSD-95, did not show quantitative differences by genotype
(Fig. 3d and Supplementary Fig. 15). These data indicate that
CDC42EP4 is dispensable for the morphological development of

the major neuronal and glial components, and synapse archi-
tecture in the cerebellar cortex.

Septin oligomers as the major binding partners of CDC42EP4.
For unbiased identification of physiological binding partners of
CDC42EP4 in Bergmann glia, we conducted proteomic analysis
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Figure 1 | Bergmann glia-selective expression and unique perisynaptic localization of CDC42EP4. (a) The CDC42EP/BORG family and gene expression

pattern in the mouse. Each CDC42EP contains a set of basic-CRIB-BD domains. Anti-CDC42EP4 antibody was raised against a region between the CRIB

and BD3 (septin-binding) domains. The numbers denote amino-acid residues. CDC42EP1/2/3/4/5, respectively, corresponds to BORG5/1/2/4/3.

(b) Lysates from adult mouse tissues (50 mg total protein per lane) were immunoblotted for CDC42EP4 and were reprobed for b-actin as a loading control.

The major B39-kDa band was most abundant in the cerebellum. (c) FISH for Cdc42ep4 mRNA in the adult mouse cerebellum. (Left) Labels for Cdc42ep4

(green) highlighted the PC layer in a parasagittal section. (Top) Double-label FISH for mRNAs for Cdc42ep4 and a PC marker calbindin (red). Cdc42ep4

mRNA was excluded from PCs (*). (Bottom) Double-label FISH for Cdc42ep4 and Glast (red) mRNAs, and TOTO-3 stain for DNA (blue). The two mRNA

signals overlapped in all (n¼ 115) Bergmann glial cells identified in a representative section. Scale bars, 1mm and 20mm. (d) (Left and centre) Double-label

IF for CDC42EP4 (red) and calbindin (green) in the cerebellar cortex. The diffuse granular signals for CDC42EP4 distributed throughout the molecular layer

and in the PC layer, which were excluded from PCs and the granule cell layer. (Right) At a higher magnification, CDC42EP4-positive puncta were

interspersed and aligned along PC dendrites. Scale bars, 20 and 5 mm. (e) Double-label IF for CDC42EP4 (red) and a Bergmann glial marker Phgdh (green).

The limited overlap in Bergmann glial cell bodies (arrowheads) indicated selective localization of CDC42EP4 in glial processes. Scale bar, 5 mm. (f) (Left)

Immunoelectron microscopy image for CDC42EP4 in the molecular layer. Gold particles for CDC42EP4 were found as submembranous clusters in terminal

processes of Bergmann glia (tinted), each surrounding a dendritic spine (Sp) of a PC. PF, parallel fibre terminal. Scale bar, 200 nm. (Right) Quantification of

glia-selective localization of CDC42EP4. Data represented as mean±s.e.m. (g) Histogram showing a gradient of CDC42EP4 signals relative to the
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of cerebellar lysates. Immunoaffinity chromatography for
CDC42EP4 followed by mass spectrometry identified CDC42EP4,
nine septin subunits (SEPT2/3/4/5/6/7/8/10/11) and a few other
cytoskeletal proteins including Myosin-10 (nonmuscle myosin
heavy chain IIB) and a-II/b-II spectrins (Table 1). The minimal
background noises in the three negative control experiments (for
example, anti-CDC42EP4 IgG captured no peptides from KO
samples) reconfirmed the absence of CDC42EP4 in the KO
cerebellum and the antibody specificity. Intriguingly, however,
CDC42 and Tc10/RhoQ (another small GTPase that can bind to
CDC42EPs in vitro13) were not detected (Table 1 and
Supplementary Fig. 13). Thus, the major physiological binding
partners of CDC42EP4 in the adult mouse cerebellum are not
small GTPases, but hetero-oligomers of septins.

Physiological network of CDC42EP4, septins and GLAST.
Previous studies with recombinant proteins separately demon-
strated direct interactions between CDC42EP5/BORG3 and septin
hetero-oligomers (for example, SEPT6/7 and SEPT2/6/7, but not
individual subunits)14,15, and between SEPT2 and GLAST11.
However, higher-order molecular network composed of

CDC42EPs, septin hetero-oligomers and GLAST has never been
tested. We addressed this with their co-immunoprecipitation (co-IP)
from cerebellar lysate (Fig. 4a and Supplementary Figs 13–15), and
double-label IF that showed their partial overlap in Bergmann glia
(Fig. 4e). These data, along with the previous studies and our
proteomic and IF findings, indicate physiological molecular network
that contains CDC42EP4, septin hetero-oligomers and a subset
of GLAST.

Loss of CDC42EP4 diminishes septin–GLAST interaction. To
validate the significance of CDC42EP4 in the molecular network,
we compared the status with or without CDC42EP4. Pellet/
supernatant assay of cerebellar lysates showed that the amount
and solubility of SEPT7, SEPT4 and GLAST were unaffected by
the loss of CDC42EP4 (Fig. 4b–d and Supplementary Fig. 15).
Their distribution patterns assessed using IF showed no recog-
nizable difference by genotype (Fig. 5b). Intriguingly, however, a
co-IP/IB assay revealed a significant reduction (D50%) of GLAST
that was pulled down with SEPT4 (a Bergmann glia-selective
septin subunit) from the Cdc42ep4� /� cerebellum, when the
interactions with two other major septin subunits in Bergmann
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Cdc42ep4� /� (KO) mice. (d) Expression and extractability of CDC42EP4 in the adult mouse cerebellum. The pellet/supernatant assay showed that

CDC42EP4 is partitioned mostly to the detergent-extractable, supernatant (s) fraction but not to the inextractable, pellet (p) fraction. CDC42EP4 was

absent from KO tissues. a-Tubulin was used as a loading control. (e) IF for CDC42EP4 on parasagittal brain sections of adult male littermate WTand KO

mice. The molecular layer of the WTcerebellum (Cb) was intensely labelled for CDC42EP4, which was absent from the KO brain. The faint, diffuse labelling

of the entire brain is attributed to astrocytes. These results are consistent with the immunoblot data (Figs 1b and 2d) and warrant the specificity

(high signal-to-noise ratio) of the antibody. Scale bar, 1mm. UTR, untranslated repeat.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10090

4 NATURE COMMUNICATIONS | 6:10090 | DOI: 10.1038/ncomms10090 |www.nature.com/naturecommunications



－  93  －

molecular layer (Fig. 3b), including the lengths of the post-
synaptic density (PSD) in PF–PC synapses (Fig. 3c). Four major
proteins at glutamatergic synapses, GluA1, GluA2, GluA4 and
PSD-95, did not show quantitative differences by genotype
(Fig. 3d and Supplementary Fig. 15). These data indicate that
CDC42EP4 is dispensable for the morphological development of

the major neuronal and glial components, and synapse archi-
tecture in the cerebellar cortex.

Septin oligomers as the major binding partners of CDC42EP4.
For unbiased identification of physiological binding partners of
CDC42EP4 in Bergmann glia, we conducted proteomic analysis
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pattern in the mouse. Each CDC42EP contains a set of basic-CRIB-BD domains. Anti-CDC42EP4 antibody was raised against a region between the CRIB

and BD3 (septin-binding) domains. The numbers denote amino-acid residues. CDC42EP1/2/3/4/5, respectively, corresponds to BORG5/1/2/4/3.

(b) Lysates from adult mouse tissues (50 mg total protein per lane) were immunoblotted for CDC42EP4 and were reprobed for b-actin as a loading control.

The major B39-kDa band was most abundant in the cerebellum. (c) FISH for Cdc42ep4 mRNA in the adult mouse cerebellum. (Left) Labels for Cdc42ep4

(green) highlighted the PC layer in a parasagittal section. (Top) Double-label FISH for mRNAs for Cdc42ep4 and a PC marker calbindin (red). Cdc42ep4

mRNA was excluded from PCs (*). (Bottom) Double-label FISH for Cdc42ep4 and Glast (red) mRNAs, and TOTO-3 stain for DNA (blue). The two mRNA

signals overlapped in all (n¼ 115) Bergmann glial cells identified in a representative section. Scale bars, 1mm and 20mm. (d) (Left and centre) Double-label

IF for CDC42EP4 (red) and calbindin (green) in the cerebellar cortex. The diffuse granular signals for CDC42EP4 distributed throughout the molecular layer

and in the PC layer, which were excluded from PCs and the granule cell layer. (Right) At a higher magnification, CDC42EP4-positive puncta were

interspersed and aligned along PC dendrites. Scale bars, 20 and 5 mm. (e) Double-label IF for CDC42EP4 (red) and a Bergmann glial marker Phgdh (green).

The limited overlap in Bergmann glial cell bodies (arrowheads) indicated selective localization of CDC42EP4 in glial processes. Scale bar, 5 mm. (f) (Left)

Immunoelectron microscopy image for CDC42EP4 in the molecular layer. Gold particles for CDC42EP4 were found as submembranous clusters in terminal

processes of Bergmann glia (tinted), each surrounding a dendritic spine (Sp) of a PC. PF, parallel fibre terminal. Scale bar, 200 nm. (Right) Quantification of

glia-selective localization of CDC42EP4. Data represented as mean±s.e.m. (g) Histogram showing a gradient of CDC42EP4 signals relative to the

geometry of dendritic spines of PCs; higher in regions facing spine base (arrows in f) than in regions facing the spine head.
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of cerebellar lysates. Immunoaffinity chromatography for
CDC42EP4 followed by mass spectrometry identified CDC42EP4,
nine septin subunits (SEPT2/3/4/5/6/7/8/10/11) and a few other
cytoskeletal proteins including Myosin-10 (nonmuscle myosin
heavy chain IIB) and a-II/b-II spectrins (Table 1). The minimal
background noises in the three negative control experiments (for
example, anti-CDC42EP4 IgG captured no peptides from KO
samples) reconfirmed the absence of CDC42EP4 in the KO
cerebellum and the antibody specificity. Intriguingly, however,
CDC42 and Tc10/RhoQ (another small GTPase that can bind to
CDC42EPs in vitro13) were not detected (Table 1 and
Supplementary Fig. 13). Thus, the major physiological binding
partners of CDC42EP4 in the adult mouse cerebellum are not
small GTPases, but hetero-oligomers of septins.

Physiological network of CDC42EP4, septins and GLAST.
Previous studies with recombinant proteins separately demon-
strated direct interactions between CDC42EP5/BORG3 and septin
hetero-oligomers (for example, SEPT6/7 and SEPT2/6/7, but not
individual subunits)14,15, and between SEPT2 and GLAST11.
However, higher-order molecular network composed of

CDC42EPs, septin hetero-oligomers and GLAST has never been
tested. We addressed this with their co-immunoprecipitation (co-IP)
from cerebellar lysate (Fig. 4a and Supplementary Figs 13–15), and
double-label IF that showed their partial overlap in Bergmann glia
(Fig. 4e). These data, along with the previous studies and our
proteomic and IF findings, indicate physiological molecular network
that contains CDC42EP4, septin hetero-oligomers and a subset
of GLAST.

Loss of CDC42EP4 diminishes septin–GLAST interaction. To
validate the significance of CDC42EP4 in the molecular network,
we compared the status with or without CDC42EP4. Pellet/
supernatant assay of cerebellar lysates showed that the amount
and solubility of SEPT7, SEPT4 and GLAST were unaffected by
the loss of CDC42EP4 (Fig. 4b–d and Supplementary Fig. 15).
Their distribution patterns assessed using IF showed no recog-
nizable difference by genotype (Fig. 5b). Intriguingly, however, a
co-IP/IB assay revealed a significant reduction (D50%) of GLAST
that was pulled down with SEPT4 (a Bergmann glia-selective
septin subunit) from the Cdc42ep4� /� cerebellum, when the
interactions with two other major septin subunits in Bergmann
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Southern blot analysis and three PCR primer sites are indicated. Signs; coding region (grey box), untranslated region (open box), loxP (black triangle), frt

(open half-circle), neomycin resistance cassette (Neo), diphtheria toxin A-chain cassette (DT). (b) Southern blot analysis. Genomic DNAs purified from

WT and the chimera (Cdc42ep4þ /þ ;Cdc42ep4fl/þ ) mice were digested with the restriction enzymes and hybridized with the probes as indicated.

The band patterns, as seen in preceding Southern blot analysis of ES cell clones, reconfirmed successful homologous recombination of the clone. See

Methods for details. (c) PCR genotyping. Two sets of primers discriminated genomic DNAs from Cdc42ep4þ /þ , Cdc42ep4fl/fl (WT), Cdc42ep4fl/� and

Cdc42ep4� /� (KO) mice. (d) Expression and extractability of CDC42EP4 in the adult mouse cerebellum. The pellet/supernatant assay showed that

CDC42EP4 is partitioned mostly to the detergent-extractable, supernatant (s) fraction but not to the inextractable, pellet (p) fraction. CDC42EP4 was

absent from KO tissues. a-Tubulin was used as a loading control. (e) IF for CDC42EP4 on parasagittal brain sections of adult male littermate WTand KO

mice. The molecular layer of the WTcerebellum (Cb) was intensely labelled for CDC42EP4, which was absent from the KO brain. The faint, diffuse labelling

of the entire brain is attributed to astrocytes. These results are consistent with the immunoblot data (Figs 1b and 2d) and warrant the specificity

(high signal-to-noise ratio) of the antibody. Scale bar, 1mm. UTR, untranslated repeat.
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glia (SEPT2 and SEPT7) were unaffected (Fig. 5a and
Supplementary Fig. 15). The significant dissociation of GLAST
from septin hetero-oligomers by the loss of CDC42EP4 indicates
a role for CDC42EP4 as a stabilizer and/or an adapter for the
association between GLAST and septin hetero-oligomers.

GLAST delocalizes away from perisynapse without CDC42EP4.
Previous fluorescence recovery after photobleaching assay showed
that septin depletion via RNA interference augmented diffusional
mobility of green fluorescent protein-tagged GLAST on the

plasma membrane, while septin filament stabilization gave the
opposite effect, indicating a role for septins as submembranous
scaffold and/or diffusion barrier for GLAST12. To assess whether
the dissociation from septins by the loss of CDC42EP4 could alter
the distribution of GLAST, we conducted quantitative mapping
of GLAST in Bergmann glia by postembedding immuno-
electron microscopy technique (Fig. 5c–e). As expected, gold
particles for GLAST were distributed along Bergmann glia
membrane enwrapping pre- and postsynaptic elements
of PF–PC synapses, whereas neuronal membranes were
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marker VGluT2 (bottom, green). No obvious morphological anomaly, including aberrant CF–PC innervation, was found in the major neuronal components
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scarcely labelled. The distribution and density of immunogold
particles were comparable between WT and KO mice (Fig. 5d).
Intriguingly, however, the distance from perisynaptic GLAST
signals to the nearest PSD edge (arrowheads, Fig. 5c) was
significantly longer in KO mice than that in WT mice (Fig. 5e).
Together, the biochemical and fine morphometric data
consistently indicate that CDC42EP4 in Bergmann glia is
required for GLAST to interact with septins and to localize
along perisynaptic membrane domains enwrapping PF–PC
synapses.

Cdc42ep4� /� mice exhibit insufficient glutamate clearance.
To explore whether the anomalies of GLAST (that is, dissociation
from septins and delocalization from synapses) in Cdc42ep4� /�
mice affect glutamatergic neurotransmissions, we assessed elec-
trophysiological properties of the major glutamatergic synapses in
cerebellar slices. We first examined the CF–PC synapse by sti-
mulating CFs in the granule cell layer and recording the evoked
excitatory postsynaptic currents (EPSCs) with a whole-cell vol-
tage clamp configuration (Fig. 6a). Most PCs in 7-week-old WT
(n¼ 16/18, 89%) and KO (n¼ 17/21, 81%) mice elicited a single
large EPSC in an all-or-none manner as stimulus intensity gra-
dually increased (Fig. 6a, left). The number of steps, which reflects
the number of CFs innervating a given PC17,18, was comparable
between WT and KO mice (Fig. 6a, right), indicating that
CDC42EP4 is dispensable for the postnatal establishment of CF–
PC monoinnervation. The major parameters of CF-EPSC kinetics
(that is, amplitude, 10–90% rise time and decay time constant)
were also comparable (Supplementary Table 1). These data
indicate that properties of the CF-mediated synaptic transmission
are normal in young adult KO mice.
Given the major role for GLAST in glutamate clearance from

extracellular space around PF–PC synapses5, the delocalization of
GLAST away from PSD (Fig. 5e) might affect PF–EPSC kinetics
in KO mice. To test this, we measured the decay time constant of
PF-EPSC, which is known to protract as glutamate reuptake
delays19–22. The PF-EPSCs elicited by the stimulation in the
molecular layer of KO mice showed normal paired-pulse
facilitation (Fig. 6b and Supplementary Table 1), indicating that
the presynaptic functions were largely unaffected. As previous
studies showed that desensitization of the AMPA receptors
(AMPARs) masks the effects of GLAST insufficiency on PF–PC
synapses20, we also employed cyclothiazide (CTZ) to block

desensitization of AMPARs. While bath application of CTZ
prolonged the decay time constant of PF-EPSCs in both
genotypes, it was significantly longer in KO than in WT
(P¼ 0.010, Fig. 6c). These data suggest a recognizable delay in
the glutamate clearance from PF–PC synapses in KO mice.
To corroborate the above findings, we compared glutamate

transients in PF-PC synapses using a low-affinity competitive
inhibitor of the AMPARs, g-D-glutamylglycine (gDGG).
gDGG is a rapidly unbinding competitive antagonist that is
readily displaced from AMPARs by released glutamate23.
Therefore, the degree of inhibition of the EPSC roughly
reflects the relative size and kinetics of the glutamate transient
in the synaptic cleft. Bath application of 1mM gDGG inhibited
the PF-EPSC amplitude toB50% of the basal level in WT, while
only to B80% in KO, suggesting that the size of glutamate
transient at PF–PC synapses was significantly higher in KO
than in WT (WT versus KO, 51.5±2.2/79.1±4.2%, n¼ 7,
Po0.001, Fig. 6d).
The above findings, in conjunction with the molecular-level

anomalies, suggest that PF–PC synapses in KO mice have
hotspots around active zones with subnormal glutamate-buffering
capacity. Since the density of AMPARs is the highest in
postsynaptic active zones, we hypothesized that KO mice are
sensitive to subthreshold doses of glutamate clearance inhibitors.
To test this, we applied 50mM DL-TBOA, which nonselectively
inhibits glutamate transporters (EAAT1–5) but only partially as
the half-maximal inhibitory concentration for EAAT1/GLAST is
70 mM. The treatment with the low-dose DL-TBOA in addition to
CTZ elicited a significantly larger baseline inward current in KO
PCs (WT versus KO, 310±26/864±185 pA, n¼ 11/12, Po0.001,
Fig. 6e, trace 3). The aberrant baseline inward current of KO mice
was abolished by additional application of an AMPAR antagonist,
NBQX (from 895±260 to 367±84 pA, n¼ 7, P¼ 0.016, Fig. 6e,
trace 4). Thus, the large baseline inward current in KO PCs is
generated by AMPARs exposed to excessive external glutamate.
A previous study showed that 200 mM DL-TBOA augmented
AMPAR-mediated inward current of PCs in WT mice19, while
KO PCs were sensitive enough to react to 50 mM DL-TBOA.
These results further support the compromised glutamate-
buffering/clearance in KO mice, which may be due to the
delocalization of GLAST from PF–PC synapse active zones
(Fig. 5e), and/or their dissociation from the perisynaptic clusters
of septins and CDC42EP4 (Fig. 5a).

Table 1 | Proteomic analysis for the binding partners of CDC42EP4 in the cerebellum.

Identified proteins (69) Peptide number Sequence coverage (%)

KO IgG KO ep4 WT IgG WT ep4 KO IgG KO ep4 WT IgG WT ep4

CDC42EP4 20 63
SEPT7 1 21 2.1 45
SEPT4 1 19 1.9 43
SEPT11 14 34
SEPT5 12 42
SEPT2 11 47
a-II spectrin 8 18 4.7 9.1
SEPT3 7 22
Myosin-10 2 1 10 1.3 0.81 6.7
SEPT8 6 24
SEPT10 5 16
SEPT6 5 26
b-II spectrin 1 4 0.8 2.8

List of proteins purified fromWTcerebellar lysate with CDC42EP4-immunoaffinity column and identified LC-MS/MS analysis (rightmost columns). The numbers denote the count of peptides assigned to
each protein (left) and the sequence coverage (right). The blank columns are zero. The specificity of the counts is corroborated by few false-positive counts in the controls (three left columns, that is, KO
lysate captured with nonimmune IgG or anti-CDC42EP4 antibody, and WT lysate captured with nonimmune IgG). Another co-IP method used for the immunoblot analyses detected GLAST (peptide
number¼ 2, sequence coverage¼ 6.45), but not CDC42. Co-IP, Co-immunoprecipitation; KO, knockout; WT, wild type.
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glia (SEPT2 and SEPT7) were unaffected (Fig. 5a and
Supplementary Fig. 15). The significant dissociation of GLAST
from septin hetero-oligomers by the loss of CDC42EP4 indicates
a role for CDC42EP4 as a stabilizer and/or an adapter for the
association between GLAST and septin hetero-oligomers.

GLAST delocalizes away from perisynapse without CDC42EP4.
Previous fluorescence recovery after photobleaching assay showed
that septin depletion via RNA interference augmented diffusional
mobility of green fluorescent protein-tagged GLAST on the

plasma membrane, while septin filament stabilization gave the
opposite effect, indicating a role for septins as submembranous
scaffold and/or diffusion barrier for GLAST12. To assess whether
the dissociation from septins by the loss of CDC42EP4 could alter
the distribution of GLAST, we conducted quantitative mapping
of GLAST in Bergmann glia by postembedding immuno-
electron microscopy technique (Fig. 5c–e). As expected, gold
particles for GLAST were distributed along Bergmann glia
membrane enwrapping pre- and postsynaptic elements
of PF–PC synapses, whereas neuronal membranes were
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difference was found between the genotypes. PF, parallel fibre terminal or bouton. PC, dendritic spine of Purkinje cell. Bergmann glial processes are tinted.

Scale bar, 200nm. (c) Cumulative histogram of PSD length of the PF–PC synapses, showing no significant difference between the genotypes (n¼ 92
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scarcely labelled. The distribution and density of immunogold
particles were comparable between WT and KO mice (Fig. 5d).
Intriguingly, however, the distance from perisynaptic GLAST
signals to the nearest PSD edge (arrowheads, Fig. 5c) was
significantly longer in KO mice than that in WT mice (Fig. 5e).
Together, the biochemical and fine morphometric data
consistently indicate that CDC42EP4 in Bergmann glia is
required for GLAST to interact with septins and to localize
along perisynaptic membrane domains enwrapping PF–PC
synapses.

Cdc42ep4� /� mice exhibit insufficient glutamate clearance.
To explore whether the anomalies of GLAST (that is, dissociation
from septins and delocalization from synapses) in Cdc42ep4� /�
mice affect glutamatergic neurotransmissions, we assessed elec-
trophysiological properties of the major glutamatergic synapses in
cerebellar slices. We first examined the CF–PC synapse by sti-
mulating CFs in the granule cell layer and recording the evoked
excitatory postsynaptic currents (EPSCs) with a whole-cell vol-
tage clamp configuration (Fig. 6a). Most PCs in 7-week-old WT
(n¼ 16/18, 89%) and KO (n¼ 17/21, 81%) mice elicited a single
large EPSC in an all-or-none manner as stimulus intensity gra-
dually increased (Fig. 6a, left). The number of steps, which reflects
the number of CFs innervating a given PC17,18, was comparable
between WT and KO mice (Fig. 6a, right), indicating that
CDC42EP4 is dispensable for the postnatal establishment of CF–
PC monoinnervation. The major parameters of CF-EPSC kinetics
(that is, amplitude, 10–90% rise time and decay time constant)
were also comparable (Supplementary Table 1). These data
indicate that properties of the CF-mediated synaptic transmission
are normal in young adult KO mice.
Given the major role for GLAST in glutamate clearance from

extracellular space around PF–PC synapses5, the delocalization of
GLAST away from PSD (Fig. 5e) might affect PF–EPSC kinetics
in KO mice. To test this, we measured the decay time constant of
PF-EPSC, which is known to protract as glutamate reuptake
delays19–22. The PF-EPSCs elicited by the stimulation in the
molecular layer of KO mice showed normal paired-pulse
facilitation (Fig. 6b and Supplementary Table 1), indicating that
the presynaptic functions were largely unaffected. As previous
studies showed that desensitization of the AMPA receptors
(AMPARs) masks the effects of GLAST insufficiency on PF–PC
synapses20, we also employed cyclothiazide (CTZ) to block

desensitization of AMPARs. While bath application of CTZ
prolonged the decay time constant of PF-EPSCs in both
genotypes, it was significantly longer in KO than in WT
(P¼ 0.010, Fig. 6c). These data suggest a recognizable delay in
the glutamate clearance from PF–PC synapses in KO mice.
To corroborate the above findings, we compared glutamate

transients in PF-PC synapses using a low-affinity competitive
inhibitor of the AMPARs, g-D-glutamylglycine (gDGG).
gDGG is a rapidly unbinding competitive antagonist that is
readily displaced from AMPARs by released glutamate23.
Therefore, the degree of inhibition of the EPSC roughly
reflects the relative size and kinetics of the glutamate transient
in the synaptic cleft. Bath application of 1mM gDGG inhibited
the PF-EPSC amplitude toB50% of the basal level in WT, while
only to B80% in KO, suggesting that the size of glutamate
transient at PF–PC synapses was significantly higher in KO
than in WT (WT versus KO, 51.5±2.2/79.1±4.2%, n¼ 7,
Po0.001, Fig. 6d).
The above findings, in conjunction with the molecular-level

anomalies, suggest that PF–PC synapses in KO mice have
hotspots around active zones with subnormal glutamate-buffering
capacity. Since the density of AMPARs is the highest in
postsynaptic active zones, we hypothesized that KO mice are
sensitive to subthreshold doses of glutamate clearance inhibitors.
To test this, we applied 50mM DL-TBOA, which nonselectively
inhibits glutamate transporters (EAAT1–5) but only partially as
the half-maximal inhibitory concentration for EAAT1/GLAST is
70 mM. The treatment with the low-dose DL-TBOA in addition to
CTZ elicited a significantly larger baseline inward current in KO
PCs (WT versus KO, 310±26/864±185 pA, n¼ 11/12, Po0.001,
Fig. 6e, trace 3). The aberrant baseline inward current of KO mice
was abolished by additional application of an AMPAR antagonist,
NBQX (from 895±260 to 367±84 pA, n¼ 7, P¼ 0.016, Fig. 6e,
trace 4). Thus, the large baseline inward current in KO PCs is
generated by AMPARs exposed to excessive external glutamate.
A previous study showed that 200 mM DL-TBOA augmented
AMPAR-mediated inward current of PCs in WT mice19, while
KO PCs were sensitive enough to react to 50 mM DL-TBOA.
These results further support the compromised glutamate-
buffering/clearance in KO mice, which may be due to the
delocalization of GLAST from PF–PC synapse active zones
(Fig. 5e), and/or their dissociation from the perisynaptic clusters
of septins and CDC42EP4 (Fig. 5a).

Table 1 | Proteomic analysis for the binding partners of CDC42EP4 in the cerebellum.

Identified proteins (69) Peptide number Sequence coverage (%)

KO IgG KO ep4 WT IgG WT ep4 KO IgG KO ep4 WT IgG WT ep4

CDC42EP4 20 63
SEPT7 1 21 2.1 45
SEPT4 1 19 1.9 43
SEPT11 14 34
SEPT5 12 42
SEPT2 11 47
a-II spectrin 8 18 4.7 9.1
SEPT3 7 22
Myosin-10 2 1 10 1.3 0.81 6.7
SEPT8 6 24
SEPT10 5 16
SEPT6 5 26
b-II spectrin 1 4 0.8 2.8

List of proteins purified fromWTcerebellar lysate with CDC42EP4-immunoaffinity column and identified LC-MS/MS analysis (rightmost columns). The numbers denote the count of peptides assigned to
each protein (left) and the sequence coverage (right). The blank columns are zero. The specificity of the counts is corroborated by few false-positive counts in the controls (three left columns, that is, KO
lysate captured with nonimmune IgG or anti-CDC42EP4 antibody, and WT lysate captured with nonimmune IgG). Another co-IP method used for the immunoblot analyses detected GLAST (peptide
number¼ 2, sequence coverage¼ 6.45), but not CDC42. Co-IP, Co-immunoprecipitation; KO, knockout; WT, wild type.
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Figure 4 | Biochemical analysis of binding partners of CDC42EP4 in Cdc42ep4fl/fl and Cdc42ep4� /� cerebella. (a) Co-IP/IB assay of CDC42EP4 with
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In addition, the content of glutamate, glutamine and related
amino acids and monoamines in cerebellar tissues from WT and
KO mice was comparable, as assessed using high-performance
liquid chromatography (Table 2). Thus, the total amount of the
glutamate/glutamine shuttle components, and other major
neurotransmitters and metabolites, are unaffected by the loss of
CDC42EP4.

Impaired motor coordination/learning in Cdc42ep4� /� mice.
As a means of unbiased screening for neural dysfunctions, a
cohort of WT and KO littermates were subjected to a systematic

battery of behavioural tests. In 14 behavioural test paradigms
including the rotating rod (rota-rod) test, WT and KO mice
performed almost comparably (Table 3 and Supplementary
Figs 1–12). Given the robust compensatory potential of the
motor control circuitry, and the molecular and electro-
physiological endophenotype of KO mice, we assessed their
motor coordination and motor learning with the balance beam
test, which is superior to the rota-rod test in detection sensitiv-
ity24. While the moving speed of 12-week-old KO mice on
the initial trial (the intercept) was normal, the slopes of their
learning curves were significantly flatter than those of WT mice
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Figure 6 | Cdc42ep4� /� mice exhibit insufficient glutamate-buffering/clearance capacity. (a; Left) Sample traces of CF-EPSCs. Two to three traces

were superimposed. Scale bars, 10ms and 500pA. (Right) Summary histogram showing the number of CF-EPSC steps (n¼ 21/18, P¼0.513 by Mann–

Whitney U-test). Holding potential was � 10mV in a and � 70mV in b–e. (b; Left) PF-EPSCs in response to paired stimuli at 50ms intervals. Scale bars,

10ms and 100 pA. (Right) Summary graph of the paired-pulse ratio (n¼ 22/19, P¼0.824 by Mann–Whitney U-test). (c; Left) Sample traces of PF-EPSCs

with (grey) or without (black) 100 mM CTZ in a WTand a KO mice. Scale bars, 25ms and 50 pA. (Right) The decay time constant of PF-EPSCs. Although

CTZ prolonged the decay time constant both in WT and KO (n¼ 11/17, WT, from 9.3±0.8 to 17.9±1.8ms, ***Po0.001; KO, from 11.6±0.8 to

22.6±1.3ms; ***Po0.001), the effect was significantly larger in KO than in WT (**P¼0.006 by two-way ANOVA with post hoc Tukey test), which resulted

in more protracted postsynaptic response in KO PCs (*P¼0.010). (d) (Left) PF-EPSCs before (black), in the presence of 1mM gDGG (grey), and after

washout (dashed). Scale bars, 10ms and 200pA. (Right) Summary histogram showing the effects of gDGG. KO PF-EPSCs were significantly more

insensitive to gDGG than WTones (n¼ 7/7, ***Po0.001 by Mann–Whitney U-test). (e; Left) Sample traces of PF-EPSCs in a WTand a KO mice in control

ACSF (1), in the presence of CTZ (2), CTZ plus 50mM TBOA (3), CTZ, TBOA plus 10mM NBQX (4). Grey and dashed lines, respectively, indicate the zero

offset level and baseline holding current level in the control ACSF. Scale bars, 200ms and 100 pA. (Right) The summary graph showing the holding current.

The effects of CTZ plus TBOA was significantly larger on KO than on WT (n¼ 11/12, ***Po0.001 by two-way repeated measures ANOVA with post hoc

Tukey test). (Two right plots) Additional application of NBQX significantly diminished the inward current by TBOA (n¼ 7, *P¼0.016 by Wilcoxon signed-

rank test).
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(n¼ 13/13, P¼ 0.0003 and 0.0004, respectively, for the beam
diameters of 28 and 11mm; Fig. 7a). In a follow-up of the same
cohort at 24 weeks of age, the learning curve of KO mice was
consistently lower than that of WT mice (n¼ 12/12, P¼ 0.018
and 0.014; Fig. 7a).
To test whether the persistent underperformance is caused by

the insufficient glutamate-buffering/clearance capacity in Berg-
mann glia, and not by the loss of extracerebellar astrocytic
CDC42EP4 (Fig. 2e), we attempted the partial inhibition of
EAATs with DL-TBOA. Direct subpial injection of 100 mM
DL-TBOA with CTZ above lobule VI of the cerebellar cortex did
not affect the motor performance of WT mice, whereas the
pharmacological decompensation elicited significant and transi-
ent motor incoordination in KO mice, as was obvious now in the
rota-rod test (n¼ 5/4, P¼ 0.0011, Fig. 7b). The remarkable
hypersensitivity to the subthreshold DL-TBOA recapitulated
in vivo has corroborated the insufficient glutamate-buffering/
clearance capacity in KO mice.

Discussion
Previous studies indicated that CDC42EPs bind to small GTPases
(CDC42, RhoQ/Tc10) and septins in a mutually exclusive
manner13,14, and that interaction of CDC42EP1/BORG5 with
CDC42 and atypical protein kinase C is required for cell motility
in early mouse embryo25. A recent study revealed defective
angiogenesis in Cdc42ep1� /� mice, which is due partly to septin/
actomyosin dysregulation that affects migration of vascular
endothelial cells26. In contrast, CDC42EP4 in Bergmann glia is
mainly in complex with septins and GLAST, and is dispensable
for developmental cell migration and post-developmental
morphological integrity. The distinct binding partners and
physiological roles of CDC42EPs may reflect their distinct
primary structure and/or expression pattern. Since Cdc42ep1
mRNA is also expressed in Bergmann glia (Allen Mouse Brain
Atlas #68342384), Cdc42ep1� /� mice and Cdc42ep1� /� ;
Cdc42ep4� /� double-mutant mice would exhibit intriguing
cerebellar phenotypes.
Genetic loss of a vital septin subunit (that is, SEPT7, SEPT9 or

SEPT11) causes embryonic lethality27–29, whereas obvious brain
anomaly or motor incoordination has never been reported in
mice that lack one or two other septin subunits (that is, SEPT3,
SEPT4, SEPT5, SEPT6, SEPT3 and SEPT5, or SEPT4 and SEPT6),

despite their abundance in the cerebellum and other brain
regions30–34. In contrast, GLAST� /� mice exhibit protracted
glutamate transient, multiple CF–PC innervations and failure in
the rota-rod test6,21.

The present study demonstrated that Cdc42ep4� /� mice
develop CF–PC innervations with largely normal wiring pattern
and electrophysiological properties (Figs 3a and 6a), and pass the
rotating rod (rota-rod) test (Table 3). However, pharmacological
decompensation with inhibitors of AMPAR, AMPAR desensiti-
zation or EAATs consistently indicated their insufficient
glutamate-buffering/clearance capacity in electrophysiological
analyses (Fig. 6c–e), and caused failure in the rota-rod test
(Fig. 7b). Thus, the severity of cerebellar phenotypes is ranked
GLAST� /�4Cdc42ep4� /�4septin-null mice, which would
justify an interpretation of the phenotype of Cdc42ep4� /� mice
as a mild insufficiency of GLAST function, rather than as a partial
loss of septin function. Since Sept4� /� mice and Bergmann glia-
selective Sept7� /� mice exhibit subnormal motor coordination
only in infancy (Kinoshita, Ageta-Ishihara et al., unpublished),
the pharmacological decompensation technique may help
differentiate these and other septin mutant mice from WT
littermates.
Glutamate released from PF boutons/terminals not only

depolarizes PCs via AMPARs; however, the spillover fraction
evokes Ca2þ responses in the perisynaptic compartments
(‘microdomains’) of lamellar Bergmann glial processes mainly
via mGluR1 (refs 35,36). A subdomain in such a compartment
tightly enwraps a PF–PC synapse, where GLAST outnumbers
other EAATs4,37. While EAAT4 is localized to PC spines for slow
glutamate clearance20, GLAST is concentrated along perisynaptic
processes of Bergmann glia and contributes to the fast and
efficient limitation/termination of glutamate neurotransmission
and spillover1,5,20. However, the molecular basis to target and
concentrate GLAST to the proximity of synaptic gap remains
unclear.
Physical and functional interactions of the cytoplasmic tail of

GLAST with submembranous septins have been consistently
demonstrated in vitro, in tissue culture cell cortex and Bergmann
glial processes11,12. The interaction with submembranous septins
has been hypothesized to provide membrane-bound GLAST
trimers with scaffolds, limit their lateral diffusion and/or augment
their transport activity, which collectively contribute to
perisynaptic concentration of glutamate clearance activity.
However, the hypothesis has never been tested in vivo partly
because of the aforementioned redundancy problem in septin
reverse genetics.
This study demonstrated that CDC42EP4 clusters beneath

Bergmann glial membrane subdomains enwrapping dendritic
spines where septins and GLAST abound4,11,16. In the absence of
CDC42EP4, GLAST is dissociated from septins (Fig. 5a) and
delocalized away from synapses (Fig. 5e). These findings support
the above hypothesis of septins as scaffold/barrier for GLAST,
and may further implicate subtle alterations in tripartite synapse
geometry, for example, retraction of glial components from
synaptic clefts, with or without secondary remodelling of
neuronal components.
The distribution of GLAST visualized with IF and immunoe-

lectron microscopy appears more diffuse along Bergmann glial
membranes than that of CDC42EP4 (Figs 1f, 4e and 5c), which
corresponds to the IP/IB data that only a subset of GLAST is
pulled down with CDC42EP4 and/or septins. These data suggest
other membrane-proximal proteins that contribute to perisynap-
tic localization of GLAST. One such candidate is NHERF1
(Naþ /Hþ -exchange regulatory factor-1) whose PDZ domain
interacts with the cytoplasmic tail of GLAST12,38. So far, however,
neither GLAST-related phenotype for Nherf1� /� mice39 nor

Table 2 | The bulk content of representative neuro-
transmitters and metabolites in the cerebella of Cdc42ep4fl/fl

and Cdc42ep4� /� littermate mice.

Neurotransmitters and metabolites (per mg tissue)

WT KO

Glu (nmol) 8.07±0.521 7.97±0.253
Gln (nmol) 5.54±0.459 5.25±0.128
Gly (nmol) 0.66±0.065 0.81±0.13
GABA (nmol) 1.43±0.102 1.48±0.133
L-Ser (nmol) 0.40±0.028 0.40±0.028
D-Ser (nmol) 0.003±0.0001 0.003±0.0000
5-HT (ng) 0.16±0.021 0.16±0.013
5-HIAA (ng) 0.09±0.01 0.11±0.007
NE (ng) 0.35±0.037 0.39±0.013
MHPG (ng) 0.12±0.062 0.07±0.0006
HVA (ng) 0.005±0.003 0.008±0.002
DA (ng) 0.004±0.001 0.005±0.003
DOPAC (ng) 0.006±0.002 0.008±0.004

The amount of glutamate, glutamine and other substances extracted fromWTand KO cerebellar
tissues (n¼ 3, 3). There was no significant difference. KO, knockout; WT, wild type.
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In addition, the content of glutamate, glutamine and related
amino acids and monoamines in cerebellar tissues from WT and
KO mice was comparable, as assessed using high-performance
liquid chromatography (Table 2). Thus, the total amount of the
glutamate/glutamine shuttle components, and other major
neurotransmitters and metabolites, are unaffected by the loss of
CDC42EP4.

Impaired motor coordination/learning in Cdc42ep4� /� mice.
As a means of unbiased screening for neural dysfunctions, a
cohort of WT and KO littermates were subjected to a systematic

battery of behavioural tests. In 14 behavioural test paradigms
including the rotating rod (rota-rod) test, WT and KO mice
performed almost comparably (Table 3 and Supplementary
Figs 1–12). Given the robust compensatory potential of the
motor control circuitry, and the molecular and electro-
physiological endophenotype of KO mice, we assessed their
motor coordination and motor learning with the balance beam
test, which is superior to the rota-rod test in detection sensitiv-
ity24. While the moving speed of 12-week-old KO mice on
the initial trial (the intercept) was normal, the slopes of their
learning curves were significantly flatter than those of WT mice
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Figure 6 | Cdc42ep4� /� mice exhibit insufficient glutamate-buffering/clearance capacity. (a; Left) Sample traces of CF-EPSCs. Two to three traces

were superimposed. Scale bars, 10ms and 500pA. (Right) Summary histogram showing the number of CF-EPSC steps (n¼ 21/18, P¼0.513 by Mann–

Whitney U-test). Holding potential was � 10mV in a and � 70mV in b–e. (b; Left) PF-EPSCs in response to paired stimuli at 50ms intervals. Scale bars,

10ms and 100 pA. (Right) Summary graph of the paired-pulse ratio (n¼ 22/19, P¼0.824 by Mann–Whitney U-test). (c; Left) Sample traces of PF-EPSCs

with (grey) or without (black) 100 mM CTZ in a WTand a KO mice. Scale bars, 25ms and 50 pA. (Right) The decay time constant of PF-EPSCs. Although

CTZ prolonged the decay time constant both in WT and KO (n¼ 11/17, WT, from 9.3±0.8 to 17.9±1.8ms, ***Po0.001; KO, from 11.6±0.8 to

22.6±1.3ms; ***Po0.001), the effect was significantly larger in KO than in WT (**P¼0.006 by two-way ANOVA with post hoc Tukey test), which resulted

in more protracted postsynaptic response in KO PCs (*P¼0.010). (d) (Left) PF-EPSCs before (black), in the presence of 1mM gDGG (grey), and after

washout (dashed). Scale bars, 10ms and 200pA. (Right) Summary histogram showing the effects of gDGG. KO PF-EPSCs were significantly more

insensitive to gDGG than WTones (n¼ 7/7, ***Po0.001 by Mann–Whitney U-test). (e; Left) Sample traces of PF-EPSCs in a WTand a KO mice in control

ACSF (1), in the presence of CTZ (2), CTZ plus 50mM TBOA (3), CTZ, TBOA plus 10mM NBQX (4). Grey and dashed lines, respectively, indicate the zero

offset level and baseline holding current level in the control ACSF. Scale bars, 200ms and 100 pA. (Right) The summary graph showing the holding current.

The effects of CTZ plus TBOA was significantly larger on KO than on WT (n¼ 11/12, ***Po0.001 by two-way repeated measures ANOVA with post hoc

Tukey test). (Two right plots) Additional application of NBQX significantly diminished the inward current by TBOA (n¼ 7, *P¼0.016 by Wilcoxon signed-

rank test).
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(n¼ 13/13, P¼ 0.0003 and 0.0004, respectively, for the beam
diameters of 28 and 11mm; Fig. 7a). In a follow-up of the same
cohort at 24 weeks of age, the learning curve of KO mice was
consistently lower than that of WT mice (n¼ 12/12, P¼ 0.018
and 0.014; Fig. 7a).
To test whether the persistent underperformance is caused by

the insufficient glutamate-buffering/clearance capacity in Berg-
mann glia, and not by the loss of extracerebellar astrocytic
CDC42EP4 (Fig. 2e), we attempted the partial inhibition of
EAATs with DL-TBOA. Direct subpial injection of 100 mM
DL-TBOA with CTZ above lobule VI of the cerebellar cortex did
not affect the motor performance of WT mice, whereas the
pharmacological decompensation elicited significant and transi-
ent motor incoordination in KO mice, as was obvious now in the
rota-rod test (n¼ 5/4, P¼ 0.0011, Fig. 7b). The remarkable
hypersensitivity to the subthreshold DL-TBOA recapitulated
in vivo has corroborated the insufficient glutamate-buffering/
clearance capacity in KO mice.

Discussion
Previous studies indicated that CDC42EPs bind to small GTPases
(CDC42, RhoQ/Tc10) and septins in a mutually exclusive
manner13,14, and that interaction of CDC42EP1/BORG5 with
CDC42 and atypical protein kinase C is required for cell motility
in early mouse embryo25. A recent study revealed defective
angiogenesis in Cdc42ep1� /� mice, which is due partly to septin/
actomyosin dysregulation that affects migration of vascular
endothelial cells26. In contrast, CDC42EP4 in Bergmann glia is
mainly in complex with septins and GLAST, and is dispensable
for developmental cell migration and post-developmental
morphological integrity. The distinct binding partners and
physiological roles of CDC42EPs may reflect their distinct
primary structure and/or expression pattern. Since Cdc42ep1
mRNA is also expressed in Bergmann glia (Allen Mouse Brain
Atlas #68342384), Cdc42ep1� /� mice and Cdc42ep1� /� ;
Cdc42ep4� /� double-mutant mice would exhibit intriguing
cerebellar phenotypes.
Genetic loss of a vital septin subunit (that is, SEPT7, SEPT9 or

SEPT11) causes embryonic lethality27–29, whereas obvious brain
anomaly or motor incoordination has never been reported in
mice that lack one or two other septin subunits (that is, SEPT3,
SEPT4, SEPT5, SEPT6, SEPT3 and SEPT5, or SEPT4 and SEPT6),

despite their abundance in the cerebellum and other brain
regions30–34. In contrast, GLAST� /� mice exhibit protracted
glutamate transient, multiple CF–PC innervations and failure in
the rota-rod test6,21.

The present study demonstrated that Cdc42ep4� /� mice
develop CF–PC innervations with largely normal wiring pattern
and electrophysiological properties (Figs 3a and 6a), and pass the
rotating rod (rota-rod) test (Table 3). However, pharmacological
decompensation with inhibitors of AMPAR, AMPAR desensiti-
zation or EAATs consistently indicated their insufficient
glutamate-buffering/clearance capacity in electrophysiological
analyses (Fig. 6c–e), and caused failure in the rota-rod test
(Fig. 7b). Thus, the severity of cerebellar phenotypes is ranked
GLAST� /�4Cdc42ep4� /�4septin-null mice, which would
justify an interpretation of the phenotype of Cdc42ep4� /� mice
as a mild insufficiency of GLAST function, rather than as a partial
loss of septin function. Since Sept4� /� mice and Bergmann glia-
selective Sept7� /� mice exhibit subnormal motor coordination
only in infancy (Kinoshita, Ageta-Ishihara et al., unpublished),
the pharmacological decompensation technique may help
differentiate these and other septin mutant mice from WT
littermates.
Glutamate released from PF boutons/terminals not only

depolarizes PCs via AMPARs; however, the spillover fraction
evokes Ca2þ responses in the perisynaptic compartments
(‘microdomains’) of lamellar Bergmann glial processes mainly
via mGluR1 (refs 35,36). A subdomain in such a compartment
tightly enwraps a PF–PC synapse, where GLAST outnumbers
other EAATs4,37. While EAAT4 is localized to PC spines for slow
glutamate clearance20, GLAST is concentrated along perisynaptic
processes of Bergmann glia and contributes to the fast and
efficient limitation/termination of glutamate neurotransmission
and spillover1,5,20. However, the molecular basis to target and
concentrate GLAST to the proximity of synaptic gap remains
unclear.
Physical and functional interactions of the cytoplasmic tail of

GLAST with submembranous septins have been consistently
demonstrated in vitro, in tissue culture cell cortex and Bergmann
glial processes11,12. The interaction with submembranous septins
has been hypothesized to provide membrane-bound GLAST
trimers with scaffolds, limit their lateral diffusion and/or augment
their transport activity, which collectively contribute to
perisynaptic concentration of glutamate clearance activity.
However, the hypothesis has never been tested in vivo partly
because of the aforementioned redundancy problem in septin
reverse genetics.
This study demonstrated that CDC42EP4 clusters beneath

Bergmann glial membrane subdomains enwrapping dendritic
spines where septins and GLAST abound4,11,16. In the absence of
CDC42EP4, GLAST is dissociated from septins (Fig. 5a) and
delocalized away from synapses (Fig. 5e). These findings support
the above hypothesis of septins as scaffold/barrier for GLAST,
and may further implicate subtle alterations in tripartite synapse
geometry, for example, retraction of glial components from
synaptic clefts, with or without secondary remodelling of
neuronal components.
The distribution of GLAST visualized with IF and immunoe-

lectron microscopy appears more diffuse along Bergmann glial
membranes than that of CDC42EP4 (Figs 1f, 4e and 5c), which
corresponds to the IP/IB data that only a subset of GLAST is
pulled down with CDC42EP4 and/or septins. These data suggest
other membrane-proximal proteins that contribute to perisynap-
tic localization of GLAST. One such candidate is NHERF1
(Naþ /Hþ -exchange regulatory factor-1) whose PDZ domain
interacts with the cytoplasmic tail of GLAST12,38. So far, however,
neither GLAST-related phenotype for Nherf1� /� mice39 nor

Table 2 | The bulk content of representative neuro-
transmitters and metabolites in the cerebella of Cdc42ep4fl/fl

and Cdc42ep4� /� littermate mice.

Neurotransmitters and metabolites (per mg tissue)

WT KO

Glu (nmol) 8.07±0.521 7.97±0.253
Gln (nmol) 5.54±0.459 5.25±0.128
Gly (nmol) 0.66±0.065 0.81±0.13
GABA (nmol) 1.43±0.102 1.48±0.133
L-Ser (nmol) 0.40±0.028 0.40±0.028
D-Ser (nmol) 0.003±0.0001 0.003±0.0000
5-HT (ng) 0.16±0.021 0.16±0.013
5-HIAA (ng) 0.09±0.01 0.11±0.007
NE (ng) 0.35±0.037 0.39±0.013
MHPG (ng) 0.12±0.062 0.07±0.0006
HVA (ng) 0.005±0.003 0.008±0.002
DA (ng) 0.004±0.001 0.005±0.003
DOPAC (ng) 0.006±0.002 0.008±0.004

The amount of glutamate, glutamine and other substances extracted fromWTand KO cerebellar
tissues (n¼ 3, 3). There was no significant difference. KO, knockout; WT, wild type.
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expression and localization NHERF1 in Bergmann glia has been
reported. Thus, the unique phenotype of Cdc42ep4� /� mice
provides the first in vivo evidence for the significance of
perisynaptic concentration of GLAST by submembranous
scaffold and/or diffusion barrier.
GLAST abounds near PF–PC synapses and the buffering/

clearance capacity far surpasses the level of glutamate release,
which confers remarkable tolerance to EAAT inhibitors. Our
electrophysiological analysis with pharmacological interventions
revealed insufficient glutamate-buffering/clearance capacity in
Cdc42ep4� /� PF–PC synapses. The decay time constant of
EPSC, which reflects the retention of extracellular glutamate, was
mildly protracted on inhibition of AMPAR desensitization with
CTZ (Fig. 6c). Additional inhibition of EAATs with subthreshold
DL-TBOA significantly augmented AMPAR-mediated inward
current only in the Cdc42ep4� /� cerebellum (Fig. 6d,e). Further,
a low-affinity glutamate analogue gDGG was less effective in the
inhibition of EPSC (Fig. 6d). These data concordantly indicate

higher extracellular glutamate level in the mutant. Given the
properties of EAATs and their distribution around glutamatergic
synapses to PCs5,20,37, and unaltered expression of the major
AMPAR subunits in the Cdc42ep4� /� cerebellum (Fig. 3d), the
phenotype is attributed principally, if not all, to the insufficiency
of GLAST function. As the total amounts of glutamate and
GLAST are unaltered in the Cdc42ep4� /� cerebellum, the
delocalization of GLAST from perisynaptic glial processes
(Fig. 5e), with or without altered transporter activity due to the
dissociation from CDC42EP/septins, appears to be the major
cause of the glutamate intolerance.
Overall, the unique phenotype of Cdc42ep4� /� mice provided

the first in vivo evidence for submembranous molecular network
that is required for the perisynaptic concentration and efficiency
of GLAST. This study illuminated the spatial regulation of
GLAST by the CDC42EP4/septin-based scaffold beneath perisy-
naptic glial membranes, which ensures optimal buffering/clearance
of extracellular glutamate from around synapses. Since CDC42EPs

Table 3 | Systematic behavioural test results of Cdc42ep4fl/fl and Cdc42ep4� /� littermate mice.

Tests Mental/physical activities Indices measured
(inexhaustive)

Alteration from wild-type
Cdc42ep4� /�

Related
figures*

General health and General health Body weight - 1
neurological screening Rectal temperature -

Grip strength -
Hanging persistence -

Light/dark transition test Exploratory activity Distance travelled in the light
chamber

- 2

Light avoidance Distance travelled in the dark
chamber

-

Latency to the first entry to the
light chamber

-

Time stayed in the light
chamber

-

Number of transitions between
chambers

-

Open field test Exploratory activity Distance travelled - 3
Avoidance from open space Centre time -
Anxiety-like behaviour Vertical activity -

Stereotypical movements -
Elevated plus maze test Exploratory activity Distance travelled - 4

Height avoidance Entries into open arms -
Number of entries -
Time stayed on open arms -

Acoustic startle response Startle reflex to loudness Amplitude of body motion - 5a
Prepulse inhibition (PPI) test Sensorimotor gating Decrement of startle amplitude - 5b
Porsolt forced swim test Despair-like behaviour Latency to immobility - 6
Home cage monitoring Diurnal cycle of locomotor

activity
Activity level (distance
travelled)

- 7

Social behaviour Mean number of particles -
Social interaction test (one-chamber, stranger
pair)

Social behaviour, anxiety-like
behaviour

Distance travelled - 8

Number of contacts -
Total duration of active
contacts

-

Mean contact duration -
Total duration of contacts -

Social interaction test (three chambers, one
to two caged strangers

Social behaviour, anxiety-like
behaviour

Time spent with novel stranger - 9

Distance travelled -
Rota-rod test Motor coordination/learning Latency to fall - (k with CTZþTBOA) Fig. 7b,

10
Tail suspension test Behavioural despair Latency to immobility - 11
Barnes maze test Spatial memory Time spent around target hole - 12
Balance beam test Motor coordination/learning Moving speed k Fig. 7a

Comparative table of the results of systematic behavioural tests with WTand KO littermate mice (C57BL/6, male, n¼ 13-8/13-9 (the dropouts are due to failed data acquisition or spontaneous deaths)).
Symbols (KO phenotype relative to WT): -, no significant difference; m/k, statistically significant increase/decrease (Po0.05). *See Figs. 7a,b and Supplementary Figs 1–12 for details.
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and septins, as with GLAST, are implicated in human neurological
and psychiatric disorders including schizophrenia by unbiased
proteomic and genome-wide association studies8,9,40–43, whether
relevant mechanisms underlie the pathophysiology in other brain
regions is to be tested in future studies.

Methods
Animal experiments. Animal experiments had been approved by the institutional
review committees and conducted in accordance with the regulations for the care
and use of animals at Nagoya University, Niigata University, Hokkaido University,
Hiroshima University, Fujita Health University and Gunma University.
We consistently compared male littermates raised in the same cages unless
otherwise noted.

Antibodies. We raised rabbit polyclonal antibodies against seven antigens and
consistently used one (#2) against a recombinant polypeptide Arg58–Met100 from

CDC42EP4 that gave the best signal/noise ratio in IB and IF analyses. The
specificity was warranted by the absence of the signals in Cdc42ep4� /� tissues
(Fig. 2d,e). We used antibodies for septins, SEPT2 (1:2,000), SEPT4 (1:3,000) and
SEPT7 (1:4,000) as previously described33,44, GLAST45, 3-phosphoglycerate
dehydrogenase (Phgdh)46, calbindin47, carbonic anhydrase 8 (Car8)48, VGluT1,
2 (ref. 49) and commercial antibodies for GluR1, 2 (Alomone Labs, AGC-004,
1:200, AGC-005, 1:150), GLAST (Frontier Institute, Rb-Af660, 1:2,000), PSD-95
(Cell Signaling, 3450, 1:1,000), CDC42 (Santa Cruz, L0809, 1:100), b-actin (Sigma,
A5441, 1:5,000) and a-Tubulin (Sigma, T9026, 1:10,000). For secondary antibodies,
we used Alexa 488-, Cy3- or horseradish peroxidase-conjugated IgGs from
rabbit, goat or guinea pig (Jackson ImmunoResearch, 706-545-148, 711-165-152,
111-035-003) diluted at 1:200–1,000. Histidine-tagged recombinant CDC42
(Cytoskeleton) was used to quantify endogenous CDC42.

Biochemical fractionation and IB analysis. Each tissue was dissected, weighed
and homogenized by sonication in 3ml g� 1 of buffer A (10mM Tris-HCl at pH
7.6, 0.15M NaCl, 1% Triton X-100, protease inhibitors). The supernatant after
centrifugation at 20,400g at 4 �C for 0.5 h was labelled as soluble fraction. The pellet
was dissolved with sonication in 1ml g� 1 buffer B (3% SDS, 5% 2-mercap-
toethanol), which was termed pellet fraction. The samples were resolved by
10%PAGE (SDS-PAGE), transferred to reinforced nitrocellulose or PVDF mem-
branes and subjected to IB analysis using a blocking buffer containing 5% skim
milk in TBST (0.1M Tris-HCl at pH 7.4, 0.15M NaCl, 0.05% Tween 20). Che-
miluminescence detection and densitometry were performed with horseradish
peroxidase-conjugated secondary antibodies, ECL-Plus reagent (PerkinElmer),
TrueBlot (Rockland) and an image analyser LAS-3000mini with MultiGauge
software (Fuji). Uncropped version of each image is shown in Supplementary
Fig. 15.

Immunoprecipitation. For IP/IB experiments, whole cerebella were lysed with
buffer A’ (0.2M Tris-HCl at pH 7.35, 0.3M NaCl, 0.2% SDS, 0.2% Triton X-100,
0.2% sodium deoxycholate, 20mM 2-mercaptoethanol and protease inhibitors),
centrifuged and the supernatant was mixed with protein A Sepharose CL-4B
(GE Healthcare) or Affi-Prep Protein A Support (Bio-Rad) that had been pre-
incubated with anti-CDC42EP4, anti-SEPT4 or nonimmune rabbit IgG (as a negative
control). After washing the beads with the same buffer, bound proteins were lysed
for IB. For IP/MS experiments, we used buffer C (20mM Tris-HCl at pH 8.0,
0.15M NaCl, 1mM EDTA, 1% NP-40 and protease inhibitors) with more stringent
wash condition50.

Mass spectrometry and peptide mass fingerprinting. After IP, bead-bound
proteins were eluted with solution (7M guanidine, 50mM Tris-HCl at pH 8.0),
reduced with 5mM dithiothreitol for 0.5 h, alkylated with 10mM iodoacetamide
for 1 h in the dark, demineralized and concentrated by methanol/chloroform
precipitation and digested (0.5 mg trypsin in 1.2M urea and 50mM Tris-HCl
at pH 8.5).

Mass spectrometric analysis (LC-MS/MS) was carried out as previously
described50. Briefly, we used an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific) connected to an HTC-PAL autosampler and a Paradigm MS4 HPLC
with a C18 reversed-phase column and ADVANCE Plug and Play Nano Source
(Michrom Bioresources). The reversed-phase chromatography condition was a
linear gradient (0min, 5% B; 70min, 100% B) of solvent A (2% CH3CN with 0.1%
trifluoroacetic acid (TFA)) and solvent B (98% CH3CN with 0.1% TFA) at a flow
rate of 500 nlmin� 1. The mass spectrometer was operated in the data-dependent
MS2 mode. Peak lists were generated and calibrated by using the Mascot software
(Matrix Science), and validation of the MS/MS-based peptide and protein
identifications was made with the Scaffold programme (ver. 3, Proteome Software).
The peptide probability by Mascot was used for the Scaffold Local FDR algorithm.
Peptide identification was approved by the presence of at least two peptides that
exceeded the probability of 95%. Proteins that contained similar peptides and could
not be differentiated by MS/MS data alone were grouped to satisfy the principle of
parsimony.

Measurement of neurotransmitters and metabolites. We used previously
described methods for the extraction and measurement of amino acids, amines and
metabolites51–54. Briefly, cerebellar hemispheres dissected on ice were frozen in
liquid N2 and stored at � 80 �C until extraction. For measurement of amino acids,
each sample was weighed, homogenized in 1.5ml CH3OH on ice, centrifuged at
3,000g for 6min at 4 �C and 20ml of the supernatant was dried by evaporation
at 40 �C. The residue was dissolved with 20 ml water, 20ml 0.1M borate buffer at pH
8.0 and 60 ml 50mM 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F; Tokyo Kasei
Kogyo) in CH3CN, reacted at 60 �C for 2min and stopped by adding 100 ml 0.1%
TFA and 10% CH3CN in water. Total D-/L-serine levels were measured using a
column-switching HPLC system (SCL-10A VP, Shimadzu)51. Glutamate,
glutamine, glycine and GABA were measured using an HPLC system (LC-20AT,
Shimadzu)52. Fluorescence emission at 530 nm was measured with an excitation at
470 nm. For monoamines and their metabolites, tissue samples were homogenized
in 0.2M HClO4 containing 0.1mM EDTA and 100 mg l� 1 isoproterenol (internal
standard), and centrifuged at 20,000g for 15min at 4 �C. Supernatants were filtered
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Figure 7 | Motor coordination and motor learning defects in Cdc42ep4� /�
mice. (a; Top) Set-up for the balance beam test. The height (0.5m above

the floor) and illumination (100 lux) motivate mice to escape by traversing

along a horizontal rod (1m� 28 or 11mm) into a dark box. (Bottom) The

learning curves of a cohort of WTand KO mice measured at 3 and 6 months

of age. The moving speeds are plotted for seven trials with a 28-mm rod

and subsequent five trials with an 11-mm rod over 4 days. The motor

coordination defects in KO mice remained uncompensated up to 6 months

of age (n¼ 13/13 and 12/12, P¼0.0003, 0.0004, 0.018, 0.014 by two-way

repeated measures ANOVA). (b) The learning curves of 6-week-old WT

and KO littermate mice assessed by the rota-rod test before and after direct

cerebellar cortical injection of CTZ plus DL-TBOA (100mM each per 10ml).
The local inhibition of EAATs with the subthreshold dose of DL-TBOA

elicited a significant motor coordination defects transiently (around 4h

post-injection) and only in KO mice (n¼ 5/4, P¼0.551, 0.0011, 0.957, 0.518

by two-way repeated measures ANOVA). The aberrant hypersensitivity of KO

mice indicates their glutamate clearance deficit that is adaptively compensated.
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expression and localization NHERF1 in Bergmann glia has been
reported. Thus, the unique phenotype of Cdc42ep4� /� mice
provides the first in vivo evidence for the significance of
perisynaptic concentration of GLAST by submembranous
scaffold and/or diffusion barrier.
GLAST abounds near PF–PC synapses and the buffering/

clearance capacity far surpasses the level of glutamate release,
which confers remarkable tolerance to EAAT inhibitors. Our
electrophysiological analysis with pharmacological interventions
revealed insufficient glutamate-buffering/clearance capacity in
Cdc42ep4� /� PF–PC synapses. The decay time constant of
EPSC, which reflects the retention of extracellular glutamate, was
mildly protracted on inhibition of AMPAR desensitization with
CTZ (Fig. 6c). Additional inhibition of EAATs with subthreshold
DL-TBOA significantly augmented AMPAR-mediated inward
current only in the Cdc42ep4� /� cerebellum (Fig. 6d,e). Further,
a low-affinity glutamate analogue gDGG was less effective in the
inhibition of EPSC (Fig. 6d). These data concordantly indicate

higher extracellular glutamate level in the mutant. Given the
properties of EAATs and their distribution around glutamatergic
synapses to PCs5,20,37, and unaltered expression of the major
AMPAR subunits in the Cdc42ep4� /� cerebellum (Fig. 3d), the
phenotype is attributed principally, if not all, to the insufficiency
of GLAST function. As the total amounts of glutamate and
GLAST are unaltered in the Cdc42ep4� /� cerebellum, the
delocalization of GLAST from perisynaptic glial processes
(Fig. 5e), with or without altered transporter activity due to the
dissociation from CDC42EP/septins, appears to be the major
cause of the glutamate intolerance.
Overall, the unique phenotype of Cdc42ep4� /� mice provided

the first in vivo evidence for submembranous molecular network
that is required for the perisynaptic concentration and efficiency
of GLAST. This study illuminated the spatial regulation of
GLAST by the CDC42EP4/septin-based scaffold beneath perisy-
naptic glial membranes, which ensures optimal buffering/clearance
of extracellular glutamate from around synapses. Since CDC42EPs

Table 3 | Systematic behavioural test results of Cdc42ep4fl/fl and Cdc42ep4� /� littermate mice.

Tests Mental/physical activities Indices measured
(inexhaustive)

Alteration from wild-type
Cdc42ep4� /�

Related
figures*

General health and General health Body weight - 1
neurological screening Rectal temperature -

Grip strength -
Hanging persistence -

Light/dark transition test Exploratory activity Distance travelled in the light
chamber

- 2

Light avoidance Distance travelled in the dark
chamber

-

Latency to the first entry to the
light chamber

-

Time stayed in the light
chamber

-

Number of transitions between
chambers

-

Open field test Exploratory activity Distance travelled - 3
Avoidance from open space Centre time -
Anxiety-like behaviour Vertical activity -

Stereotypical movements -
Elevated plus maze test Exploratory activity Distance travelled - 4

Height avoidance Entries into open arms -
Number of entries -
Time stayed on open arms -

Acoustic startle response Startle reflex to loudness Amplitude of body motion - 5a
Prepulse inhibition (PPI) test Sensorimotor gating Decrement of startle amplitude - 5b
Porsolt forced swim test Despair-like behaviour Latency to immobility - 6
Home cage monitoring Diurnal cycle of locomotor

activity
Activity level (distance
travelled)

- 7

Social behaviour Mean number of particles -
Social interaction test (one-chamber, stranger
pair)

Social behaviour, anxiety-like
behaviour

Distance travelled - 8

Number of contacts -
Total duration of active
contacts

-

Mean contact duration -
Total duration of contacts -

Social interaction test (three chambers, one
to two caged strangers

Social behaviour, anxiety-like
behaviour

Time spent with novel stranger - 9

Distance travelled -
Rota-rod test Motor coordination/learning Latency to fall - (k with CTZþTBOA) Fig. 7b,

10
Tail suspension test Behavioural despair Latency to immobility - 11
Barnes maze test Spatial memory Time spent around target hole - 12
Balance beam test Motor coordination/learning Moving speed k Fig. 7a

Comparative table of the results of systematic behavioural tests with WTand KO littermate mice (C57BL/6, male, n¼ 13-8/13-9 (the dropouts are due to failed data acquisition or spontaneous deaths)).
Symbols (KO phenotype relative to WT): -, no significant difference; m/k, statistically significant increase/decrease (Po0.05). *See Figs. 7a,b and Supplementary Figs 1–12 for details.
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and septins, as with GLAST, are implicated in human neurological
and psychiatric disorders including schizophrenia by unbiased
proteomic and genome-wide association studies8,9,40–43, whether
relevant mechanisms underlie the pathophysiology in other brain
regions is to be tested in future studies.

Methods
Animal experiments. Animal experiments had been approved by the institutional
review committees and conducted in accordance with the regulations for the care
and use of animals at Nagoya University, Niigata University, Hokkaido University,
Hiroshima University, Fujita Health University and Gunma University.
We consistently compared male littermates raised in the same cages unless
otherwise noted.

Antibodies. We raised rabbit polyclonal antibodies against seven antigens and
consistently used one (#2) against a recombinant polypeptide Arg58–Met100 from

CDC42EP4 that gave the best signal/noise ratio in IB and IF analyses. The
specificity was warranted by the absence of the signals in Cdc42ep4� /� tissues
(Fig. 2d,e). We used antibodies for septins, SEPT2 (1:2,000), SEPT4 (1:3,000) and
SEPT7 (1:4,000) as previously described33,44, GLAST45, 3-phosphoglycerate
dehydrogenase (Phgdh)46, calbindin47, carbonic anhydrase 8 (Car8)48, VGluT1,
2 (ref. 49) and commercial antibodies for GluR1, 2 (Alomone Labs, AGC-004,
1:200, AGC-005, 1:150), GLAST (Frontier Institute, Rb-Af660, 1:2,000), PSD-95
(Cell Signaling, 3450, 1:1,000), CDC42 (Santa Cruz, L0809, 1:100), b-actin (Sigma,
A5441, 1:5,000) and a-Tubulin (Sigma, T9026, 1:10,000). For secondary antibodies,
we used Alexa 488-, Cy3- or horseradish peroxidase-conjugated IgGs from
rabbit, goat or guinea pig (Jackson ImmunoResearch, 706-545-148, 711-165-152,
111-035-003) diluted at 1:200–1,000. Histidine-tagged recombinant CDC42
(Cytoskeleton) was used to quantify endogenous CDC42.

Biochemical fractionation and IB analysis. Each tissue was dissected, weighed
and homogenized by sonication in 3ml g� 1 of buffer A (10mM Tris-HCl at pH
7.6, 0.15M NaCl, 1% Triton X-100, protease inhibitors). The supernatant after
centrifugation at 20,400g at 4 �C for 0.5 h was labelled as soluble fraction. The pellet
was dissolved with sonication in 1ml g� 1 buffer B (3% SDS, 5% 2-mercap-
toethanol), which was termed pellet fraction. The samples were resolved by
10%PAGE (SDS-PAGE), transferred to reinforced nitrocellulose or PVDF mem-
branes and subjected to IB analysis using a blocking buffer containing 5% skim
milk in TBST (0.1M Tris-HCl at pH 7.4, 0.15M NaCl, 0.05% Tween 20). Che-
miluminescence detection and densitometry were performed with horseradish
peroxidase-conjugated secondary antibodies, ECL-Plus reagent (PerkinElmer),
TrueBlot (Rockland) and an image analyser LAS-3000mini with MultiGauge
software (Fuji). Uncropped version of each image is shown in Supplementary
Fig. 15.

Immunoprecipitation. For IP/IB experiments, whole cerebella were lysed with
buffer A’ (0.2M Tris-HCl at pH 7.35, 0.3M NaCl, 0.2% SDS, 0.2% Triton X-100,
0.2% sodium deoxycholate, 20mM 2-mercaptoethanol and protease inhibitors),
centrifuged and the supernatant was mixed with protein A Sepharose CL-4B
(GE Healthcare) or Affi-Prep Protein A Support (Bio-Rad) that had been pre-
incubated with anti-CDC42EP4, anti-SEPT4 or nonimmune rabbit IgG (as a negative
control). After washing the beads with the same buffer, bound proteins were lysed
for IB. For IP/MS experiments, we used buffer C (20mM Tris-HCl at pH 8.0,
0.15M NaCl, 1mM EDTA, 1% NP-40 and protease inhibitors) with more stringent
wash condition50.

Mass spectrometry and peptide mass fingerprinting. After IP, bead-bound
proteins were eluted with solution (7M guanidine, 50mM Tris-HCl at pH 8.0),
reduced with 5mM dithiothreitol for 0.5 h, alkylated with 10mM iodoacetamide
for 1 h in the dark, demineralized and concentrated by methanol/chloroform
precipitation and digested (0.5 mg trypsin in 1.2M urea and 50mM Tris-HCl
at pH 8.5).

Mass spectrometric analysis (LC-MS/MS) was carried out as previously
described50. Briefly, we used an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific) connected to an HTC-PAL autosampler and a Paradigm MS4 HPLC
with a C18 reversed-phase column and ADVANCE Plug and Play Nano Source
(Michrom Bioresources). The reversed-phase chromatography condition was a
linear gradient (0min, 5% B; 70min, 100% B) of solvent A (2% CH3CN with 0.1%
trifluoroacetic acid (TFA)) and solvent B (98% CH3CN with 0.1% TFA) at a flow
rate of 500 nlmin� 1. The mass spectrometer was operated in the data-dependent
MS2 mode. Peak lists were generated and calibrated by using the Mascot software
(Matrix Science), and validation of the MS/MS-based peptide and protein
identifications was made with the Scaffold programme (ver. 3, Proteome Software).
The peptide probability by Mascot was used for the Scaffold Local FDR algorithm.
Peptide identification was approved by the presence of at least two peptides that
exceeded the probability of 95%. Proteins that contained similar peptides and could
not be differentiated by MS/MS data alone were grouped to satisfy the principle of
parsimony.

Measurement of neurotransmitters and metabolites. We used previously
described methods for the extraction and measurement of amino acids, amines and
metabolites51–54. Briefly, cerebellar hemispheres dissected on ice were frozen in
liquid N2 and stored at � 80 �C until extraction. For measurement of amino acids,
each sample was weighed, homogenized in 1.5ml CH3OH on ice, centrifuged at
3,000g for 6min at 4 �C and 20ml of the supernatant was dried by evaporation
at 40 �C. The residue was dissolved with 20 ml water, 20ml 0.1M borate buffer at pH
8.0 and 60 ml 50mM 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F; Tokyo Kasei
Kogyo) in CH3CN, reacted at 60 �C for 2min and stopped by adding 100 ml 0.1%
TFA and 10% CH3CN in water. Total D-/L-serine levels were measured using a
column-switching HPLC system (SCL-10A VP, Shimadzu)51. Glutamate,
glutamine, glycine and GABA were measured using an HPLC system (LC-20AT,
Shimadzu)52. Fluorescence emission at 530 nm was measured with an excitation at
470 nm. For monoamines and their metabolites, tissue samples were homogenized
in 0.2M HClO4 containing 0.1mM EDTA and 100 mg l� 1 isoproterenol (internal
standard), and centrifuged at 20,000g for 15min at 4 �C. Supernatants were filtered

0.5 m
WT
KOL = 1 m

φ = 28 / 11 mm

30

20

10

0

1 2 3 4 5 6 7 8 9 10 11 12Trial 1 2 3 4 5 6 7 8 9 10 11 12Trial

30

20

10

0

Day 1 2 3 4 Day 1 2 3 4

φ = 28 mm φ = 11 mm φ = 28 mm φ = 11 mm

M
ov

in
g 

sp
ee

d 
(c

m
 s

–1
)

12-week-old 24-week-old

6-week-old

P = 0.0003 P = 0.0004 P = 0.018 P = 0.014

24 h
Pre-injection

4 h
Post-injection

6 h
Post-injection

24 h
Post-injection

300

200

100

0
Trial

Day

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

321

P = 0.551 P = 0.0011 P = 0.957 P = 0.518

WT
KO

La
te

nc
y 

to
 fa

ll 
(s

)

Figure 7 | Motor coordination and motor learning defects in Cdc42ep4� /�
mice. (a; Top) Set-up for the balance beam test. The height (0.5m above

the floor) and illumination (100 lux) motivate mice to escape by traversing

along a horizontal rod (1m� 28 or 11mm) into a dark box. (Bottom) The

learning curves of a cohort of WTand KO mice measured at 3 and 6 months

of age. The moving speeds are plotted for seven trials with a 28-mm rod

and subsequent five trials with an 11-mm rod over 4 days. The motor

coordination defects in KO mice remained uncompensated up to 6 months

of age (n¼ 13/13 and 12/12, P¼0.0003, 0.0004, 0.018, 0.014 by two-way

repeated measures ANOVA). (b) The learning curves of 6-week-old WT

and KO littermate mice assessed by the rota-rod test before and after direct

cerebellar cortical injection of CTZ plus DL-TBOA (100mM each per 10ml).
The local inhibition of EAATs with the subthreshold dose of DL-TBOA

elicited a significant motor coordination defects transiently (around 4h

post-injection) and only in KO mice (n¼ 5/4, P¼0.551, 0.0011, 0.957, 0.518

by two-way repeated measures ANOVA). The aberrant hypersensitivity of KO

mice indicates their glutamate clearance deficit that is adaptively compensated.
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through 0.45-mm pore membranes (Millex-LH, Millipore). We used a reversed-
phase column (SC-5ODS) and an electrochemical detector (ECD-300) in an HPLC
system (EP-300, DG-300 and EPC-300, all from Eicom) with the mobile phase
containing 0.1M acetate–citric acid buffer at pH 3.5, 16% CH3OH, 5mg l� 1 EDTA
and 0.19 g l� 1 sodium octyl sulfate.

Tissue preparation for histochemistry. Under deep pentobarbital anaesthesia
(0.1mg per g of body weight), mice were fixed transcardially with 4% paraf-
ormaldehyde in 0.1M phosphate buffer (PB) at pH 7.2 for IF and immunoelectron
microscopy, or with 4% paraformaldehyde/0.1% glutaraldehyde in PB for TEM.
After excision from the skull, brains for immunohistochemistry were immersed in
the same fixative for 2 h. In IF for CDC42EP4, fixed brains were sliced at 50 mm
with a microslicer (VT1000S, Leica) and subjected to free-floating incubation, while
4-mm-thick paraffin sections with a sliding microtome (SM1000R, Leica) were used
for Car8, GLAST, VGluT1 and VGluT2. Brains for FISH were removed under deep
pentobarbital anaesthesia and immediately frozen in powdered dry ice, cut at
20mm with the cryostat and mounted on silane-coated glass slides.

FISH. Mouse cDNA fragments for Cdc42ep4 (nucleotide 331–1,118, GenBank
BC003857), calbindin (37–1,071, BC016421), GLAST (1,620–2,576, BC066154)
and Phgdh (1–1,799, BC110673) were subcloned into the pBluescript II plasmid
vector. Digoxigenin (DIG)- or fluorescein-labelled cRNA probes were transcribed
in vitro55.

Sections were processed as follows: acetylation with 0.25% acetic anhydride in
0.1M triethanolamine-HCl at pH 8.0 for 10min and prehybridization for 1 h in
buffer A (50% formamide, 50mM Tris-HCl at pH 7.5, 0.6M NaCl, 0.02% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 200mg l� 1 tRNA,
1mM EDTA and 10% dextran sulfate). Hybridization with cRNA probes was
performed in buffer A at 63.5 �C for 12 h, and then sections were washed at 61 �C
with 5� standard sodium citrate (SSC) for 0.5 h, 4� SSC containing 50%
formamide for 0.7 h, 2� SSC containing 50% formamide for 0.7 h and 0.1� SSC
for 0.5 h. Sections were incubated successively in NTE buffer (0.5M NaCl, 0.01M
Tris-HCl at pH 7.5, 5mM EDTA), 20mM iodoacetamide in NTE buffer and TNT
buffer (0.1M Tris-HCl at pH 7.5, 0.15M NaCl), each for 0.3 h at room temperature.

For double-labelling FISH, sections were reacted with peroxidase-conjugated
anti-fluorescein antibody (Invitrogen, A21253, 1:1,500) and incubated with the
FITC-TSA plus amplification kit (PerkinElmer). After inactivation of residual
peroxidase activities with 3% H2O2, the sections were incubated successively with
DIG-labelled cRNA probe, the peroxidase-conjugated anti-DIG IgG (Roche, 11 207
733 910, 1:1,000) and the Cy3-TSA Plus reagents (PerkinElmer), and then
counterstained with TOTO-3 (Invitrogen, T3604, final 0.2 mM) in PBS.

Immunohistochemistry. For immunohistochemistry, 4-mm-thick paraffin sections
were incubated with 10% normal donkey serum for 20min, a mixture of primary
antibodies (1mg l� 1) overnight and a mixture of Alexa 488- or Cy3-labelled
species-specific secondary antibodies for 2 h at a dilution of 1:200. Fluorescence
imaging was conducted using scanning laser confocal microscopes IX81/FV1000
(Olympus) with a � 40 objective lens (numerical aperture (NA) 1.0) and LSM-780
(Zeiss) with � 40 (NA 1.1) and � 63 (NA 1.4) objective lenses, and wide-field
microscopes (BZ-9000, Keyence or BX-60, Olympus) with � 40 and � 20 objective
lenses (NA 1.3, Nikon or NA 0.7, Olympus).

Electron microscopy. Conventional electron microscopy, pre-embedding silver-
enhanced immunoelectron microscopy and postembedding immunogold electron
microscopy were conducted as described previously56,57. Briefly, pre-embedding
immunoelectron microscopy was conducted by incubation in blocking solution for
goat gold conjugates (Aurion, Electron Microscopy Sciences) for 0.5 h, and then
with CDC42EP4 antibody (1mg l� 1) diluted with 1% BSA and 0.004% saponin in
PBS overnight. Anti-rabbit IgG linked to 1.4 nm gold particles (1:100, Nanogold
labelling reagents, Nanoprobes, #2003) were incubated for 2 h, and gold particles
were intensified using a silver enhancement kit (R-Gent SE-EM, Aurion). In post-
embedding immunogold, 80-nm-thick sections were cut with an ultramicrotome
(Ultracut, Leica), incubated overnight with rabbit GLAST antibody (20mg l� 1)
and then with colloidal gold (10 nm)-conjugated anti-rabbit or anti-guinea pig IgG
(British Biocell, EM.GAR10, 1:100) for 2 h. The samples were mounted on grids
and stained with 2% uranyl acetate for 20min, and observed with a TEM (H-7100,
Hitachi).

Electrophysiology. We prepared 250-mm-thick cerebellar slices as described
previously58,59. In brief, 5–7-week-old mice deeply anaesthetized with CO2 were
decapitated. The cerebella were quickly cut parasagittally with a microslicer
(VT1200S, Leica) in a chilled cutting solution ((in mM) 120 choline-Cl, 3 KCl, 1.25
NaHPO4, 28 NaHCO3, 8 MgCl2 and 25 glucose), incubated in normal ACSF
(artificial cerebrospinal fluid; 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25 NaH2PO4,
26 NaHCO3 and 20 glucose, bubbled with 95% O2 and 5% CO2) at 36 �C for 0.5 h
and then kept at room temperature. All recordings were performed at 32–34 �C.
Whole-cell recordings were made from visually identified PCs under an upright
microscope (BX51WI, Olympus). Pipette solution contained (55 CsCl, 10 Cs
D-gluconate, 20 TEA-Cl, 20 BAPTA, 4 MgCl2, 4 ATP, 0.4 GTP, 5 QX314-Cl and

30 HEPES at pH 7.3, adjusted with CsOH). To block inhibitory synaptic
transmission, 10mM bicuculline was consistently supplemented to the normal
ACSF. All the drugs were obtained from Tocris Bioscience. Stimulation pipettes
(B5 mm tip diameter) filled with the normal ACSF were used to apply square
pulses for focal stimulation (duration, 0.1ms; amplitude, 0–90V). PFs were
stimulated in the molecular layer. CFs were stimulated in the granular layer around
the PC soma under investigation. The stimulation was given at 0.2 Hz (Fig. 6a,b) or
0.05Hz (Fig. 6c–e). The number of CFs innervating the recorded PC was estimated
by the number of discrete CF-EPSC steps in response to a gradual rise in the
stimulus intensity. The stimulation pipette was systematically moved around each
PC soma. Ionic currents were recorded with a patch clamp amplifier (EPC10,
HEKA Elektronik). The pipette access resistance was compensated by 70–80%.
Online data acquisition and offline data analysis were conducted with software,
PATCHMASTER and FITMASTER (HEKA).

Generation of Cdc42ep4-floxed and null mice. The targeting strategy is illu-
strated in Fig. 2a. We constructed the targeting vector using the MultiSite Gateway
Three-Fragment Vector Construction kit (Invitrogen) and BAC Subcloning Kit
(Gene Bridges) with some modifications. Briefly, a DNA fragment carrying the
loxP sequence and pgk-promoter-driven neomycin-resistance (Neo) cassette
flanked by two Flp recognition target sites was inserted in reverse orientation
directly downstream of the sole coding exon of Cdc42ep4 isolated from a C57BL/6
mouse genomic BAC clone RP23-366J17. The other loxP site was inserted into the
intron directly upstream of the coding exon. The resulting targeting vector, which
consisted of 50- and 30-homology arms, the floxed coding region with the Neo
cassette and diphtheria toxin gene (DT) for negative selection, was linearized and
electroporated into the C57BL/6N mouse embryonic stem (ES) cell line, RENKA60.
Genomic DNA from neomycin/G418-resistant ES cell clones were analysed with
Southern blot analysis, and positive clones with proper homologous recombination
were microinjected to host embryos as described previously61. The null allele
(Cdc42ep4� ) was created by crossing heterozygous floxed (Cdc42ep4fl/þ ) mice
with CAG-Cre transgenic mice62. For Southern blot analysis, genomic DNA was
digested with Sac I, EcoR V and Hinc II, and hybridized with 50 , 30 and neo probes,
respectively. The predicted fragment sizes for the WT and floxed alleles for each
probe, 13/11.3, 16.4/12.7 and N.A./16.1 (kb), respectively, were confirmed. We
thereafter conducted genotyping using PCR with the following primers: (a) 50-
TGCTTCAGTACCTTCGGAC-30 , (b) 50-TTCGAGTTCACAGAGCTGGA-30 and
(c) 50-TCATAGAGAAGGTGGCAGC-30 to distinguish the WT, floxed and null
alleles by 490-bp (with primers aþ b), 580-bp (aþ b) and 480-bp (aþ c) products,
respectively. After confirming germline transmission and Mendelian inheritance of
the Cdc42ep4fl and Cdc42ep4� alleles, the lines have been deposited to RIKEN
Bioresource Center (RBRC04894 and RBRC09539, respectively).

Balance beam and rota-rod tests. All systematic behavioural tests were con-
ducted on male littermates (10–38 weeks old) as described previously33,63. In the
balance beam test, the motor coordination was quantitatively assessed by the
performance on the first trial, the moving speed and the numbers of pauses and
slips along a 1-m-long rod (diameter, 28mm). After six trials on Days 1–3, five
trials with a thinner rod (diameter, 11mm) were conducted on Days 3–4. The
increment in the moving speed and decrements in the numbers of pauses and slips
were quantified as indices of motor learning. In the rota-rod test, we measured the
latency to fall from a rotating rod (diameter, 30mm) that was accelerated from 4 to
40 r.p.m. over 5min per trial. For pharmacological experiment (see below), each
mouse was subjected to four sessions (four trials per session) at 24 h before
injection, and 4, 6 and 24 h after injection.

Direct cerebellar cortical injection. We applied a method established for viral
delivery64 with minor modifications. Briefly, 6-week-old mice (WT, 4Fþ 1M; KO,
3Fþ 1M) anaesthetized with ketamine (100mg kg� 1) and xylazine (16mg kg� 1)
were mounted in a stereotactic frame, and the occipital bone was drilled at 5mm
caudal to the bregma. A blunt-ended Hamilton syringe tip (33G) attached to a
micropump and a controller (UltramicroPump II, Micro4; World Precision
Instrument) was placed beneath the pia mater above lobule VI. The mixture of
CTZ and DL-threo-b-benzyloxyaspartic acid (DL-TBOA; 100 mM each in 10 ml) was
injected at a rate of 333 nlmin� 1. After suturing the scalp, and recovery from
anaesthesia on a warm pad, the mice were returned to home cages.

Systematic behavioural analysis. We applied our standard protocols63,65,66 to a
cohort of male littermates (n¼ 13, 13) reared in the same cages: behavioural testing
was conducted between 9 a.m. and 6 p.m. except for the continuous home cage
monitoring. Each apparatus was cleaned with sodium hypochlorite solution to
minimize odour after use. We conducted tests in the following order: general health
and neurological screening (including body weight and temperature
measurements, grip strength test, righting test, whisker touch test and ear twitch
reflexes, wire hang test), light/dark transition test, open field test, elevated plus
maze test, one-chamber social interaction test, rota-rod test, three-chamber
sociability and preference for social novelty test, prepulse inhibition test of acoustic
startle response, Porsolt forced swim test, Barnes maze test, tail suspension test and
long-term monitoring of locomotion and social interaction in home cage. Intervals
between tests were 424 h.
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Neuromuscular strength tests. Neuromuscular strength was assessed with the
forelimb grip strength test and wire hang test. Forelimb grip strength was measured
by pulling a mouse in the tail while its forepaws hung on to a wire grid attached to
a spring balance. The tensile force (N) when the mouse released the grid was
measured three times, and the greatest value was analysed. In the wire hang test, a
wire mesh with a mouse on top was slowly inverted and the latency to fall was
measured.

Light/dark transition test. The apparatus had a pair of differentially illuminated
(390 versus 2 lux) chambers (21� 41� 25 cm) connected with a door in the
middle. Each mouse was released in the dark chamber, and image data were
acquired from the top with a CCD (charge-coupled device) camera for 10min. The
latency until the first entry into the light chamber, the time spent in each chamber,
the number of transitions and the total distance travelled were automatically
measured using ImageLD software (see Image analysis).

Open field test. Voluntary locomotor activity was measured in an open field test.
Each mouse was placed in the centre of the open field apparatus (40� 40� 30 cm;
Accuscan Instruments) illuminated at 100 lux. The following indices were mon-
itored for 120min: total distance travelled, time spent in the centre area of
20� 20 cm, number of rearing and beam-breaks were automatically measured by
counting interruptions of infrared beams.

Elevated plus maze test. The apparatus had two open arms (25� 5 cm, with
3-mm-high plastic ledges) and two closed arms (25� 5 cm, with 15-cm-high
transparent walls) interconnected via a central crossing (5� 5 cm), which was set at
55 cm height and illuminated at 100 lux. The numbers of entries into, and the time
spent in the open and enclosed arms, were recorded for 10min. Image data were
acquired from the top with a CCD camera, and the number of entries into and the
time spent in the open/closed arms, and total distance travelled, were measured
automatically using the ImageEP software (see Image analysis).

Acoustic startle response and prepulse inhibition test. A mouse restrained in a
cylinder was placed in the chamber of a startle reflex measurement system (O’Hara
& Co.) with 70-dB background white noise. After 10min, the mouse’s startle
response to a startle stimulus (110 or 120 dB white noise for 40ms) was measured
by a motion sensor for 140ms. A test session was a random sequence of four trials
each with a prepulse stimulus (74 or 78 dB white noise for 20ms that preceded the
startle stimulus by 100ms) and two without. Six blocks of six trials were presented
in a pseudorandom order with the average intertrial interval of 15 s.

Porsolt forced swim test. Each mouse was released in 7.5-cm-deep water at 23 �C
in an acrylic cylinder (10 cm in diameter), and the duration of the motion for
evacuation was measured up to 10min automatically using the ImageTS/PS soft-
ware (see Image analysis).

Social interaction and voluntary activity in the home cage. The position of each
mouse housed alone in a cage was monitored from the top continuously for a week.
The distance travelled along the diurnal cycle was measured automatically using
the ImageHA software (see Image analysis). Two mice of the same genotype that
had been separately reared were housed together in a home cage and their two-
dimensional (2D) images from the top were captured at 1 fps for a week. Their
physical contact and separation were represented, respectively, as one and two
particles, and their locomotor activity was quantified by the differentials of pixels
between successive frames by using the ImageHA software (see Image analysis).

One-chamber social interaction test. The positions of two mice placed in a novel
chamber (40� 40� 30 cm) were monitored from the top at three frame s� 1. Their
horizontal distance travelled and the number of contacts were measured auto-
matically using the ImageSI software (see Image analysis).

Three-chamber test for sociability and social novelty. The apparatus for
Crawley’s test had three chambers (20� 40� 22 cm) separated by two transparent
partitions each with an opening (5� 3 cm) and a lid with an infrared CCD camera.
A male mouse (9-week old, C57BL/6J, termed Stranger 1) that had no prior contact
with the subject mice was enclosed in a cylinder cage (9 cm in diameter, set in the
left chamber) that allowed nose contacts. Each subject mouse was released in the
middle chamber and allowed to explore for 10min, while the time spent in each
chamber and within 5 cm from each cage was measured automatically using the
ImageCSI software (see Image analysis). Subsequently, another unfamiliar mouse
(Stranger 2) was placed in another cylinder cage (in the right chamber) and
monitored likewise for another 10min.

Rota-rod test. For the initial screening, each mouse was subjected to nine trials
over 3 days. See Balance beam and rota-rod tests for details.

Tail suspension test. The movement of each mouse suspended by the tail at a
height of 30 cm was recorded for 10min and analysed by using the ImageTS/PS
software (see Image analysis).

Barnes maze test. The apparatus consisted of a blight (800 lux), white circular
platform (diameter, 1m) with 12 holes along the perimeter, 0.75m above the floor,
and a dark escape box (containing cage bedding) set under one of the holes
(‘target’). Following habituation sessions on the day before, each mouse was con-
sistently trained to learn a randomly assigned target position (1–3 trials per day� 6
days). The platform was turned 90� per day to minimize the influence from local
cues. The distance travelled, time spent and number of errors from the centre to the
target hole were measured from time-lapse images with a video-tracking software,
ImageBM. One day (24 h) after the last training session, the first probe test was
carried out without escape box to exclude local cue-dependent navigation, when
mice were allowed to explore for 3min and the time spent around each hole was
measured. The probe test was followed by a training session with the target. To
assess long-term spatial memory retention, the mice were again subjected to the
probe test 1 month later.

Image analysis. The application programmes for behavioural data acquisition and
analysis (ImageLD, EP, SI, CSI, TS/PS, BM, HA) were created on the ImageJ
(http://rsb.info.nih.gov/ij/). ImageLD and EP are freely available from http://
www.mouse-phenotype.org/software.html.

Statistical analysis. Quantitative data are represented as mean±s.e.m. Prism 4.0
(GraphPad Software), Stat View (SAS Institute) or Sigma Plot (SYSTAT), Excel
(Microsoft) were used for statistical analyses. Behavioural data were analysed by
analysis of variance (ANOVA; one-way and two-way repeated measures), unless
otherwise noted. For the other data, t-test, Mann–Whitney U-test, Wilcoxon
signed-rank test (two rightmost plots in Fig. 6e) and two-way (Fig. 6c) or two-way
repeated measures ANOVA (Fig. 6e) followed by Tukey’s post hoc comparisons
were applied. For behavioural tests, either one-way ANOVA or two-way repeated
measures ANOVA was applied for statistical analyses unless otherwise noted.
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through 0.45-mm pore membranes (Millex-LH, Millipore). We used a reversed-
phase column (SC-5ODS) and an electrochemical detector (ECD-300) in an HPLC
system (EP-300, DG-300 and EPC-300, all from Eicom) with the mobile phase
containing 0.1M acetate–citric acid buffer at pH 3.5, 16% CH3OH, 5mg l� 1 EDTA
and 0.19 g l� 1 sodium octyl sulfate.

Tissue preparation for histochemistry. Under deep pentobarbital anaesthesia
(0.1mg per g of body weight), mice were fixed transcardially with 4% paraf-
ormaldehyde in 0.1M phosphate buffer (PB) at pH 7.2 for IF and immunoelectron
microscopy, or with 4% paraformaldehyde/0.1% glutaraldehyde in PB for TEM.
After excision from the skull, brains for immunohistochemistry were immersed in
the same fixative for 2 h. In IF for CDC42EP4, fixed brains were sliced at 50 mm
with a microslicer (VT1000S, Leica) and subjected to free-floating incubation, while
4-mm-thick paraffin sections with a sliding microtome (SM1000R, Leica) were used
for Car8, GLAST, VGluT1 and VGluT2. Brains for FISH were removed under deep
pentobarbital anaesthesia and immediately frozen in powdered dry ice, cut at
20mm with the cryostat and mounted on silane-coated glass slides.

FISH. Mouse cDNA fragments for Cdc42ep4 (nucleotide 331–1,118, GenBank
BC003857), calbindin (37–1,071, BC016421), GLAST (1,620–2,576, BC066154)
and Phgdh (1–1,799, BC110673) were subcloned into the pBluescript II plasmid
vector. Digoxigenin (DIG)- or fluorescein-labelled cRNA probes were transcribed
in vitro55.

Sections were processed as follows: acetylation with 0.25% acetic anhydride in
0.1M triethanolamine-HCl at pH 8.0 for 10min and prehybridization for 1 h in
buffer A (50% formamide, 50mM Tris-HCl at pH 7.5, 0.6M NaCl, 0.02% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 200mg l� 1 tRNA,
1mM EDTA and 10% dextran sulfate). Hybridization with cRNA probes was
performed in buffer A at 63.5 �C for 12 h, and then sections were washed at 61 �C
with 5� standard sodium citrate (SSC) for 0.5 h, 4� SSC containing 50%
formamide for 0.7 h, 2� SSC containing 50% formamide for 0.7 h and 0.1� SSC
for 0.5 h. Sections were incubated successively in NTE buffer (0.5M NaCl, 0.01M
Tris-HCl at pH 7.5, 5mM EDTA), 20mM iodoacetamide in NTE buffer and TNT
buffer (0.1M Tris-HCl at pH 7.5, 0.15M NaCl), each for 0.3 h at room temperature.

For double-labelling FISH, sections were reacted with peroxidase-conjugated
anti-fluorescein antibody (Invitrogen, A21253, 1:1,500) and incubated with the
FITC-TSA plus amplification kit (PerkinElmer). After inactivation of residual
peroxidase activities with 3% H2O2, the sections were incubated successively with
DIG-labelled cRNA probe, the peroxidase-conjugated anti-DIG IgG (Roche, 11 207
733 910, 1:1,000) and the Cy3-TSA Plus reagents (PerkinElmer), and then
counterstained with TOTO-3 (Invitrogen, T3604, final 0.2 mM) in PBS.

Immunohistochemistry. For immunohistochemistry, 4-mm-thick paraffin sections
were incubated with 10% normal donkey serum for 20min, a mixture of primary
antibodies (1mg l� 1) overnight and a mixture of Alexa 488- or Cy3-labelled
species-specific secondary antibodies for 2 h at a dilution of 1:200. Fluorescence
imaging was conducted using scanning laser confocal microscopes IX81/FV1000
(Olympus) with a � 40 objective lens (numerical aperture (NA) 1.0) and LSM-780
(Zeiss) with � 40 (NA 1.1) and � 63 (NA 1.4) objective lenses, and wide-field
microscopes (BZ-9000, Keyence or BX-60, Olympus) with � 40 and � 20 objective
lenses (NA 1.3, Nikon or NA 0.7, Olympus).

Electron microscopy. Conventional electron microscopy, pre-embedding silver-
enhanced immunoelectron microscopy and postembedding immunogold electron
microscopy were conducted as described previously56,57. Briefly, pre-embedding
immunoelectron microscopy was conducted by incubation in blocking solution for
goat gold conjugates (Aurion, Electron Microscopy Sciences) for 0.5 h, and then
with CDC42EP4 antibody (1mg l� 1) diluted with 1% BSA and 0.004% saponin in
PBS overnight. Anti-rabbit IgG linked to 1.4 nm gold particles (1:100, Nanogold
labelling reagents, Nanoprobes, #2003) were incubated for 2 h, and gold particles
were intensified using a silver enhancement kit (R-Gent SE-EM, Aurion). In post-
embedding immunogold, 80-nm-thick sections were cut with an ultramicrotome
(Ultracut, Leica), incubated overnight with rabbit GLAST antibody (20mg l� 1)
and then with colloidal gold (10 nm)-conjugated anti-rabbit or anti-guinea pig IgG
(British Biocell, EM.GAR10, 1:100) for 2 h. The samples were mounted on grids
and stained with 2% uranyl acetate for 20min, and observed with a TEM (H-7100,
Hitachi).

Electrophysiology. We prepared 250-mm-thick cerebellar slices as described
previously58,59. In brief, 5–7-week-old mice deeply anaesthetized with CO2 were
decapitated. The cerebella were quickly cut parasagittally with a microslicer
(VT1200S, Leica) in a chilled cutting solution ((in mM) 120 choline-Cl, 3 KCl, 1.25
NaHPO4, 28 NaHCO3, 8 MgCl2 and 25 glucose), incubated in normal ACSF
(artificial cerebrospinal fluid; 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25 NaH2PO4,
26 NaHCO3 and 20 glucose, bubbled with 95% O2 and 5% CO2) at 36 �C for 0.5 h
and then kept at room temperature. All recordings were performed at 32–34 �C.
Whole-cell recordings were made from visually identified PCs under an upright
microscope (BX51WI, Olympus). Pipette solution contained (55 CsCl, 10 Cs
D-gluconate, 20 TEA-Cl, 20 BAPTA, 4 MgCl2, 4 ATP, 0.4 GTP, 5 QX314-Cl and

30 HEPES at pH 7.3, adjusted with CsOH). To block inhibitory synaptic
transmission, 10mM bicuculline was consistently supplemented to the normal
ACSF. All the drugs were obtained from Tocris Bioscience. Stimulation pipettes
(B5 mm tip diameter) filled with the normal ACSF were used to apply square
pulses for focal stimulation (duration, 0.1ms; amplitude, 0–90V). PFs were
stimulated in the molecular layer. CFs were stimulated in the granular layer around
the PC soma under investigation. The stimulation was given at 0.2 Hz (Fig. 6a,b) or
0.05Hz (Fig. 6c–e). The number of CFs innervating the recorded PC was estimated
by the number of discrete CF-EPSC steps in response to a gradual rise in the
stimulus intensity. The stimulation pipette was systematically moved around each
PC soma. Ionic currents were recorded with a patch clamp amplifier (EPC10,
HEKA Elektronik). The pipette access resistance was compensated by 70–80%.
Online data acquisition and offline data analysis were conducted with software,
PATCHMASTER and FITMASTER (HEKA).

Generation of Cdc42ep4-floxed and null mice. The targeting strategy is illu-
strated in Fig. 2a. We constructed the targeting vector using the MultiSite Gateway
Three-Fragment Vector Construction kit (Invitrogen) and BAC Subcloning Kit
(Gene Bridges) with some modifications. Briefly, a DNA fragment carrying the
loxP sequence and pgk-promoter-driven neomycin-resistance (Neo) cassette
flanked by two Flp recognition target sites was inserted in reverse orientation
directly downstream of the sole coding exon of Cdc42ep4 isolated from a C57BL/6
mouse genomic BAC clone RP23-366J17. The other loxP site was inserted into the
intron directly upstream of the coding exon. The resulting targeting vector, which
consisted of 50- and 30-homology arms, the floxed coding region with the Neo
cassette and diphtheria toxin gene (DT) for negative selection, was linearized and
electroporated into the C57BL/6N mouse embryonic stem (ES) cell line, RENKA60.
Genomic DNA from neomycin/G418-resistant ES cell clones were analysed with
Southern blot analysis, and positive clones with proper homologous recombination
were microinjected to host embryos as described previously61. The null allele
(Cdc42ep4� ) was created by crossing heterozygous floxed (Cdc42ep4fl/þ ) mice
with CAG-Cre transgenic mice62. For Southern blot analysis, genomic DNA was
digested with Sac I, EcoR V and Hinc II, and hybridized with 50 , 30 and neo probes,
respectively. The predicted fragment sizes for the WT and floxed alleles for each
probe, 13/11.3, 16.4/12.7 and N.A./16.1 (kb), respectively, were confirmed. We
thereafter conducted genotyping using PCR with the following primers: (a) 50-
TGCTTCAGTACCTTCGGAC-30 , (b) 50-TTCGAGTTCACAGAGCTGGA-30 and
(c) 50-TCATAGAGAAGGTGGCAGC-30 to distinguish the WT, floxed and null
alleles by 490-bp (with primers aþ b), 580-bp (aþ b) and 480-bp (aþ c) products,
respectively. After confirming germline transmission and Mendelian inheritance of
the Cdc42ep4fl and Cdc42ep4� alleles, the lines have been deposited to RIKEN
Bioresource Center (RBRC04894 and RBRC09539, respectively).

Balance beam and rota-rod tests. All systematic behavioural tests were con-
ducted on male littermates (10–38 weeks old) as described previously33,63. In the
balance beam test, the motor coordination was quantitatively assessed by the
performance on the first trial, the moving speed and the numbers of pauses and
slips along a 1-m-long rod (diameter, 28mm). After six trials on Days 1–3, five
trials with a thinner rod (diameter, 11mm) were conducted on Days 3–4. The
increment in the moving speed and decrements in the numbers of pauses and slips
were quantified as indices of motor learning. In the rota-rod test, we measured the
latency to fall from a rotating rod (diameter, 30mm) that was accelerated from 4 to
40 r.p.m. over 5min per trial. For pharmacological experiment (see below), each
mouse was subjected to four sessions (four trials per session) at 24 h before
injection, and 4, 6 and 24 h after injection.

Direct cerebellar cortical injection. We applied a method established for viral
delivery64 with minor modifications. Briefly, 6-week-old mice (WT, 4Fþ 1M; KO,
3Fþ 1M) anaesthetized with ketamine (100mg kg� 1) and xylazine (16mg kg� 1)
were mounted in a stereotactic frame, and the occipital bone was drilled at 5mm
caudal to the bregma. A blunt-ended Hamilton syringe tip (33G) attached to a
micropump and a controller (UltramicroPump II, Micro4; World Precision
Instrument) was placed beneath the pia mater above lobule VI. The mixture of
CTZ and DL-threo-b-benzyloxyaspartic acid (DL-TBOA; 100 mM each in 10 ml) was
injected at a rate of 333 nlmin� 1. After suturing the scalp, and recovery from
anaesthesia on a warm pad, the mice were returned to home cages.

Systematic behavioural analysis. We applied our standard protocols63,65,66 to a
cohort of male littermates (n¼ 13, 13) reared in the same cages: behavioural testing
was conducted between 9 a.m. and 6 p.m. except for the continuous home cage
monitoring. Each apparatus was cleaned with sodium hypochlorite solution to
minimize odour after use. We conducted tests in the following order: general health
and neurological screening (including body weight and temperature
measurements, grip strength test, righting test, whisker touch test and ear twitch
reflexes, wire hang test), light/dark transition test, open field test, elevated plus
maze test, one-chamber social interaction test, rota-rod test, three-chamber
sociability and preference for social novelty test, prepulse inhibition test of acoustic
startle response, Porsolt forced swim test, Barnes maze test, tail suspension test and
long-term monitoring of locomotion and social interaction in home cage. Intervals
between tests were 424 h.
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Neuromuscular strength tests. Neuromuscular strength was assessed with the
forelimb grip strength test and wire hang test. Forelimb grip strength was measured
by pulling a mouse in the tail while its forepaws hung on to a wire grid attached to
a spring balance. The tensile force (N) when the mouse released the grid was
measured three times, and the greatest value was analysed. In the wire hang test, a
wire mesh with a mouse on top was slowly inverted and the latency to fall was
measured.

Light/dark transition test. The apparatus had a pair of differentially illuminated
(390 versus 2 lux) chambers (21� 41� 25 cm) connected with a door in the
middle. Each mouse was released in the dark chamber, and image data were
acquired from the top with a CCD (charge-coupled device) camera for 10min. The
latency until the first entry into the light chamber, the time spent in each chamber,
the number of transitions and the total distance travelled were automatically
measured using ImageLD software (see Image analysis).

Open field test. Voluntary locomotor activity was measured in an open field test.
Each mouse was placed in the centre of the open field apparatus (40� 40� 30 cm;
Accuscan Instruments) illuminated at 100 lux. The following indices were mon-
itored for 120min: total distance travelled, time spent in the centre area of
20� 20 cm, number of rearing and beam-breaks were automatically measured by
counting interruptions of infrared beams.

Elevated plus maze test. The apparatus had two open arms (25� 5 cm, with
3-mm-high plastic ledges) and two closed arms (25� 5 cm, with 15-cm-high
transparent walls) interconnected via a central crossing (5� 5 cm), which was set at
55 cm height and illuminated at 100 lux. The numbers of entries into, and the time
spent in the open and enclosed arms, were recorded for 10min. Image data were
acquired from the top with a CCD camera, and the number of entries into and the
time spent in the open/closed arms, and total distance travelled, were measured
automatically using the ImageEP software (see Image analysis).

Acoustic startle response and prepulse inhibition test. A mouse restrained in a
cylinder was placed in the chamber of a startle reflex measurement system (O’Hara
& Co.) with 70-dB background white noise. After 10min, the mouse’s startle
response to a startle stimulus (110 or 120 dB white noise for 40ms) was measured
by a motion sensor for 140ms. A test session was a random sequence of four trials
each with a prepulse stimulus (74 or 78 dB white noise for 20ms that preceded the
startle stimulus by 100ms) and two without. Six blocks of six trials were presented
in a pseudorandom order with the average intertrial interval of 15 s.

Porsolt forced swim test. Each mouse was released in 7.5-cm-deep water at 23 �C
in an acrylic cylinder (10 cm in diameter), and the duration of the motion for
evacuation was measured up to 10min automatically using the ImageTS/PS soft-
ware (see Image analysis).

Social interaction and voluntary activity in the home cage. The position of each
mouse housed alone in a cage was monitored from the top continuously for a week.
The distance travelled along the diurnal cycle was measured automatically using
the ImageHA software (see Image analysis). Two mice of the same genotype that
had been separately reared were housed together in a home cage and their two-
dimensional (2D) images from the top were captured at 1 fps for a week. Their
physical contact and separation were represented, respectively, as one and two
particles, and their locomotor activity was quantified by the differentials of pixels
between successive frames by using the ImageHA software (see Image analysis).

One-chamber social interaction test. The positions of two mice placed in a novel
chamber (40� 40� 30 cm) were monitored from the top at three frame s� 1. Their
horizontal distance travelled and the number of contacts were measured auto-
matically using the ImageSI software (see Image analysis).

Three-chamber test for sociability and social novelty. The apparatus for
Crawley’s test had three chambers (20� 40� 22 cm) separated by two transparent
partitions each with an opening (5� 3 cm) and a lid with an infrared CCD camera.
A male mouse (9-week old, C57BL/6J, termed Stranger 1) that had no prior contact
with the subject mice was enclosed in a cylinder cage (9 cm in diameter, set in the
left chamber) that allowed nose contacts. Each subject mouse was released in the
middle chamber and allowed to explore for 10min, while the time spent in each
chamber and within 5 cm from each cage was measured automatically using the
ImageCSI software (see Image analysis). Subsequently, another unfamiliar mouse
(Stranger 2) was placed in another cylinder cage (in the right chamber) and
monitored likewise for another 10min.

Rota-rod test. For the initial screening, each mouse was subjected to nine trials
over 3 days. See Balance beam and rota-rod tests for details.

Tail suspension test. The movement of each mouse suspended by the tail at a
height of 30 cm was recorded for 10min and analysed by using the ImageTS/PS
software (see Image analysis).

Barnes maze test. The apparatus consisted of a blight (800 lux), white circular
platform (diameter, 1m) with 12 holes along the perimeter, 0.75m above the floor,
and a dark escape box (containing cage bedding) set under one of the holes
(‘target’). Following habituation sessions on the day before, each mouse was con-
sistently trained to learn a randomly assigned target position (1–3 trials per day� 6
days). The platform was turned 90� per day to minimize the influence from local
cues. The distance travelled, time spent and number of errors from the centre to the
target hole were measured from time-lapse images with a video-tracking software,
ImageBM. One day (24 h) after the last training session, the first probe test was
carried out without escape box to exclude local cue-dependent navigation, when
mice were allowed to explore for 3min and the time spent around each hole was
measured. The probe test was followed by a training session with the target. To
assess long-term spatial memory retention, the mice were again subjected to the
probe test 1 month later.

Image analysis. The application programmes for behavioural data acquisition and
analysis (ImageLD, EP, SI, CSI, TS/PS, BM, HA) were created on the ImageJ
(http://rsb.info.nih.gov/ij/). ImageLD and EP are freely available from http://
www.mouse-phenotype.org/software.html.

Statistical analysis. Quantitative data are represented as mean±s.e.m. Prism 4.0
(GraphPad Software), Stat View (SAS Institute) or Sigma Plot (SYSTAT), Excel
(Microsoft) were used for statistical analyses. Behavioural data were analysed by
analysis of variance (ANOVA; one-way and two-way repeated measures), unless
otherwise noted. For the other data, t-test, Mann–Whitney U-test, Wilcoxon
signed-rank test (two rightmost plots in Fig. 6e) and two-way (Fig. 6c) or two-way
repeated measures ANOVA (Fig. 6e) followed by Tukey’s post hoc comparisons
were applied. For behavioural tests, either one-way ANOVA or two-way repeated
measures ANOVA was applied for statistical analyses unless otherwise noted.
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Spinal mechanisms underlying 
potentiation of hindpaw responses 
observed after transient hindpaw 
ischemia in mice
Tatsunori Watanabe1,2, Mika Sasaki2, Seiji Komagata1, Hiroaki Tsukano1, Ryuichi Hishida1, 
Tatsuro Kohno2, Hiroshi Baba2 & Katsuei Shibuki1

Transient ischemia produces postischemic tingling sensation. Ischemia also produces nerve 
conduction block that may modulate spinal neural circuits. In the present study, reduced mechanical 
thresholds for hindpaw-withdrawal reflex were found in mice after transient hindpaw ischemia, 
which was produced by a high pressure applied around the hindpaw for 30 min. The reduction in the 
threshold was blocked by spinal application of LY354740, a specific agonist of group II metabotropic 
glutamate receptors. Neural activities in the spinal cord and the primary somatosensory cortex 
(S1) were investigated using activity-dependent changes in endogenous fluorescence derived from 
mitochondrial flavoproteins. Ischemic treatment induced potentiation of the ipsilateral spinal and 
contralateral S1 responses to hindpaw stimulation. Both types of potentiation were blocked by 
spinal application of LY354740. The contralateral S1 responses, abolished by lesioning the ipsilateral 
dorsal column, reappeared after ischemic treatment, indicating that postischemic tingling sensation 
reflects a sensory modality shift from tactile sensation to nociception in the spinal cord. Changes in 
neural responses were investigated during ischemic treatment in the contralateral spinal cord and 
the ipsilateral S1. Potentiation already appeared during ischemic treatment for 30 min. The present 
findings suggest that the postischemic potentiation shares spinal mechanisms, at least in part, with 
neuropathic pain.

The mechanism of postischemic tingling sensation has been attributed to enhanced excitability of periph-
eral nerves during recovery from ischemic conduction block1,2. However, nerve conduction block is 
known to quickly induce plasticity in the central nervous system in experimental animals3 and humans4–6. 
Cessation of low frequency spontaneous firing of Aβ  tactile afferents after partial denervation produces 
potentiation of neural responses in the primary somatosensory cortex (S1) elicited via the remaining 
nerves7. Reduction in the mechanical thresholds for paw-withdrawal reflex is observed at the same time7. 
This reduction in mechanical thresholds can be inhibited by spinal application of LY3547407, a specific 
antagonist of group II metabotropic glutamate receptors (mGluRs)8. If similar spinal mechanisms are 
also responsible for postischemic tingling sensation, this should be abolished by spinal application of 
LY354740. In the present study, we reproduced postischemic mechanical allodynia in mice, and tested 
roles of spinal mechanisms using this model.

Neuropathic pain is produced by nerve injury in animal models9–11, and the resulting pain is usually 
evaluated using behavioral tests more than 24 h after the injury to allow the recovery of animals from 
surgical injury. Therefore, the findings obtained from behavioral tests are affected by complex cascades 
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of inflammation and gene expression during the recovery period12–14. However, postischemic mechan-
ical allodynia is induced very quickly after transient hindpaw ischemia. Thus, if neural changes reflect-
ing postischemic tingling sensation are found, these changes may be useful for investigating the neural 
mechanisms that trigger neuropathic pain. Activity-dependent flavoprotein fluorescence signals reflect 
aerobic energy metabolism in mitochondria15, and are useful for investigating fine neural activities and 
plasticity16–18. Flavoprotein signals are resistant to and spontaneously recover from photobleaching19, and 
quantitatively reflect neural activities20,21. Spinal activities elicited by peripheral stimulation have been 
visualized using flavoprotein fluorescence signals22. An initial phase of neuropathic pain after partial den-
ervation is observed as long-lasting potentiation of flavoprotein fluorescence signals in S17. Furthermore, 
a modality shift from tactile sensation to nociception can be visualized as reappearance of S1 responses 
to tactile stimulation in mice with ipsilateral dorsal column lesioning7. It is because the tactile sensation 
is mediated via the ipsilateral dorsal column to the contralateral S123, while nociception is mediated via 
the contralateral spinothalamic tract24. In the present study, we confirmed that such a modality shift from 
tactile sensation to nociception was produced within 30 min after ischemic treatment.

Results
Reduced mechanical thresholds for paw-withdrawal reflex after ischemic treatment. Because 
unpleasant postischemic tingling sensation is exacerbated by external mechanical forces, we measured 
the thresholds for hindpaw-withdrawal reflex using von Frey filaments25. The thresholds before hindpaw 
ischemia were 0.57 ±  0.10 g (mean ±  SEM, n =  6). Mice were transiently anesthetized with 1% isoflurane, 
and a pressure of 250 mmHg was applied for 30 min to a rubber cuff set around the thigh (Fig. 1a). At 
30 min after the ischemic treatment was finished, the mechanical thresholds were significantly reduced 
compared with the corresponding data in sham-treated mice with no pressure application (P <  0.01, 
Fig. 1b). The thresholds reached the minimal values of 0.07 ±  0.02 g (n =  6) at 2 h after the ischemic treat-
ment (Fig. 1b), and were clearly and significantly smaller than the corresponding values in sham-treated 
mice (P <  0.005). Isoflurane anesthesia alone produced no reduction in the threshold in sham-treated 
mice (Fig. 1b).

Next, we tested whether the reduction in the thresholds was sensitive to spinal application of 10 nM 
LY354740 (Fig.  1c), which can block the initial phase of neuropathic pain after partial denervation7. 

Figure 1. Reduced mechanical thresholds for hindpaw-withdrawal reflex. (a) Application of high pressure 
(250 mm Hg) to the left thigh. (b) Mechanical thresholds for left hindpaw-withdrawal reflex before and after 
ischemic or sham treatment applied to the left thigh. Mean ±  SEM are shown. (c) Mechanical thresholds for 
hindpaw-withdrawal reflex after hindpaw ischemia in mice with spinal application of LY354740 (10 nM, 5 μ l) 
or saline alone. (d) Comparison of the thresholds for the left hindpaw-withdrawal reflex at 2 h after ischemic 
or sham treatment, with or without spinal application of LY354740. In the ischemia group, data were mixed 
in mice with or without spinal application of saline. In the sham-treated group, data were mixed in mice 
with sham treatment to the left thigh or to the right thigh.
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Transient ischemia produces postischemic tingling sensation. Ischemia also produces nerve 
conduction block that may modulate spinal neural circuits. In the present study, reduced mechanical 
thresholds for hindpaw-withdrawal reflex were found in mice after transient hindpaw ischemia, 
which was produced by a high pressure applied around the hindpaw for 30 min. The reduction in the 
threshold was blocked by spinal application of LY354740, a specific agonist of group II metabotropic 
glutamate receptors. Neural activities in the spinal cord and the primary somatosensory cortex 
(S1) were investigated using activity-dependent changes in endogenous fluorescence derived from 
mitochondrial flavoproteins. Ischemic treatment induced potentiation of the ipsilateral spinal and 
contralateral S1 responses to hindpaw stimulation. Both types of potentiation were blocked by 
spinal application of LY354740. The contralateral S1 responses, abolished by lesioning the ipsilateral 
dorsal column, reappeared after ischemic treatment, indicating that postischemic tingling sensation 
reflects a sensory modality shift from tactile sensation to nociception in the spinal cord. Changes in 
neural responses were investigated during ischemic treatment in the contralateral spinal cord and 
the ipsilateral S1. Potentiation already appeared during ischemic treatment for 30 min. The present 
findings suggest that the postischemic potentiation shares spinal mechanisms, at least in part, with 
neuropathic pain.

The mechanism of postischemic tingling sensation has been attributed to enhanced excitability of periph-
eral nerves during recovery from ischemic conduction block1,2. However, nerve conduction block is 
known to quickly induce plasticity in the central nervous system in experimental animals3 and humans4–6. 
Cessation of low frequency spontaneous firing of Aβ  tactile afferents after partial denervation produces 
potentiation of neural responses in the primary somatosensory cortex (S1) elicited via the remaining 
nerves7. Reduction in the mechanical thresholds for paw-withdrawal reflex is observed at the same time7. 
This reduction in mechanical thresholds can be inhibited by spinal application of LY3547407, a specific 
antagonist of group II metabotropic glutamate receptors (mGluRs)8. If similar spinal mechanisms are 
also responsible for postischemic tingling sensation, this should be abolished by spinal application of 
LY354740. In the present study, we reproduced postischemic mechanical allodynia in mice, and tested 
roles of spinal mechanisms using this model.

Neuropathic pain is produced by nerve injury in animal models9–11, and the resulting pain is usually 
evaluated using behavioral tests more than 24 h after the injury to allow the recovery of animals from 
surgical injury. Therefore, the findings obtained from behavioral tests are affected by complex cascades 
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of inflammation and gene expression during the recovery period12–14. However, postischemic mechan-
ical allodynia is induced very quickly after transient hindpaw ischemia. Thus, if neural changes reflect-
ing postischemic tingling sensation are found, these changes may be useful for investigating the neural 
mechanisms that trigger neuropathic pain. Activity-dependent flavoprotein fluorescence signals reflect 
aerobic energy metabolism in mitochondria15, and are useful for investigating fine neural activities and 
plasticity16–18. Flavoprotein signals are resistant to and spontaneously recover from photobleaching19, and 
quantitatively reflect neural activities20,21. Spinal activities elicited by peripheral stimulation have been 
visualized using flavoprotein fluorescence signals22. An initial phase of neuropathic pain after partial den-
ervation is observed as long-lasting potentiation of flavoprotein fluorescence signals in S17. Furthermore, 
a modality shift from tactile sensation to nociception can be visualized as reappearance of S1 responses 
to tactile stimulation in mice with ipsilateral dorsal column lesioning7. It is because the tactile sensation 
is mediated via the ipsilateral dorsal column to the contralateral S123, while nociception is mediated via 
the contralateral spinothalamic tract24. In the present study, we confirmed that such a modality shift from 
tactile sensation to nociception was produced within 30 min after ischemic treatment.

Results
Reduced mechanical thresholds for paw-withdrawal reflex after ischemic treatment. Because 
unpleasant postischemic tingling sensation is exacerbated by external mechanical forces, we measured 
the thresholds for hindpaw-withdrawal reflex using von Frey filaments25. The thresholds before hindpaw 
ischemia were 0.57 ±  0.10 g (mean ±  SEM, n =  6). Mice were transiently anesthetized with 1% isoflurane, 
and a pressure of 250 mmHg was applied for 30 min to a rubber cuff set around the thigh (Fig. 1a). At 
30 min after the ischemic treatment was finished, the mechanical thresholds were significantly reduced 
compared with the corresponding data in sham-treated mice with no pressure application (P <  0.01, 
Fig. 1b). The thresholds reached the minimal values of 0.07 ±  0.02 g (n =  6) at 2 h after the ischemic treat-
ment (Fig. 1b), and were clearly and significantly smaller than the corresponding values in sham-treated 
mice (P <  0.005). Isoflurane anesthesia alone produced no reduction in the threshold in sham-treated 
mice (Fig. 1b).

Next, we tested whether the reduction in the thresholds was sensitive to spinal application of 10 nM 
LY354740 (Fig.  1c), which can block the initial phase of neuropathic pain after partial denervation7. 

Figure 1. Reduced mechanical thresholds for hindpaw-withdrawal reflex. (a) Application of high pressure 
(250 mm Hg) to the left thigh. (b) Mechanical thresholds for left hindpaw-withdrawal reflex before and after 
ischemic or sham treatment applied to the left thigh. Mean ±  SEM are shown. (c) Mechanical thresholds for 
hindpaw-withdrawal reflex after hindpaw ischemia in mice with spinal application of LY354740 (10 nM, 5 μ l) 
or saline alone. (d) Comparison of the thresholds for the left hindpaw-withdrawal reflex at 2 h after ischemic 
or sham treatment, with or without spinal application of LY354740. In the ischemia group, data were mixed 
in mice with or without spinal application of saline. In the sham-treated group, data were mixed in mice 
with sham treatment to the left thigh or to the right thigh.
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When the ischemic treatment was applied to the mice that received spinal application of LY354740, 
the thresholds at 2 h after hindpaw ischemia were 0.63 ±  0.12 g (n =  6). In contrast, the thresholds were 
0.12 ±  0.06 g (n =  6) in mice that received spinal application of saline alone (Fig.  1c). The difference 
at 2 h after hindpaw ischemia or sham-treatment was statistically significant (P <  0.01). We confirmed 
that spinal application of LY354740 alone had no apparent effect on the mechanical thresholds for 
paw-withdrawal reflex (Fig.  1d). Interestingly, a slight but significant reduction in the threshold was 
observed in the right hindpaw (Supplementary Fig. S1), suggesting that transient hindpaw ischemia 
might also have some effects on the contralateral spinal cord.

Flavoprotein fluorescence responses in the spinal cord. Because the behavioral test data sug-
gested the presence of some spinal plasticity, we recorded ipsilateral spinal responses elicited by vibra-
tory hindpaw stimulation using flavoprotein fluorescence imaging. Hindpaw stimulation produced an 
increase in fluorescence on the dorsal surface of the ipsilateral spinal cord corresponding to the dorsal 
horn at the T13 and L1 level (Fig.  2a). Because minimal response was found at T12, the fluorescence 
changes were attributed mainly to localized activities in the dorsal horn but not to ascending afferent 
activities mediated via the dorsal column. The responses started at 0.2 s after the onset of the stimulation, 

Figure 2. Potentiation of the spinal responses after hindpaw ischemia. (a) Example of ipsilateral 
spinal responses elicited by vibratory stimulation applied to the left hindpaw at T13 and L1 level (upper 
panels). The left-most panels are original fluorescence images, and others are pseudocolor images of 
response magnitudes in Δ F/F0 recorded at the time before and after the stimulus onset shown on each 
image. Another example of ipsilateral spinal responses elicited by vibratory stimulation applied to the left 
hindpaw at T12 and T13 level (lower panels). (b) Example of spinal responses recorded in the same mouse 
before, during, and 30–120 min after ischemic treatment applied to the left thigh for 30 min. The response 
amplitudes were measured in the square window of 100 ×  25 pixels shown in the second panel. (c) Relative 
amplitudes of spinal responses during and after ischemic treatment. The amplitudes were normalized by 
those recorded before hindpaw ischemia. (d) Example of spinal responses recorded before and at 60 min 
after sham treatment. (e) Example of spinal responses recorded before and at 60 min after hindpaw ischemia 
in a mouse with spinal application of 10 nM LY354740. (f) Comparison of the normalized response 
amplitudes in mice at 60 min after hindpaw ischemia, sham treatment, or hindpaw ischemia with spinal 
application of 10 nM LY354740.
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and peaked at approximately 1% in Δ F/F0 at 0.6–0.8 s after the stimulus onset. Although these prop-
erties were similar to those recorded in cortical areas7,26, the decay was slower than that of the cortical 
responses, as the hemodynamic responses were not marked in the spinal cord (Supplementary Figs S2).

The spinal responses to vibratory hindpaw stimulation were abolished by a pressure of 250 mmHg 
applied to the thigh, indicating that ischemic conduction block was successfully produced at 250 mmHg 
(Fig.  2b). The responses reappeared within 30 min after hindpaw ischemia, and the magnitude of the 
responses estimated at 30 min after hindpaw ischemia was slightly but significantly potentiated (P <  0.03, 
Fig.  2b,c). At 1 h after hindpaw ischemia, the response amplitudes reached maximal values, and were 
potentiated to 138 ±  11% (n =  7) compared with those before hindpaw ischemia (Fig.  2c). No clear 
potentiation was observed in sham-treated mice, and the difference between the two groups was statis-
tically significant (P <  0.002, Fig. 2d,f).

Next, we applied 10 nM LY354740 on the surface of the spinal cord during imaging experiments. 
Application of LY354740 had no immediate effect on the spinal responses to vibratory hindpaw stimu-
lation (Fig. 2e). However, the spinal responses were not clearly potentiated after hindpaw ischemia, and 
the relative amplitudes at 1 h after hindpaw ischemia were significantly smaller than those in mice with 
no LY354740 (P <  0.003, Fig. 2e,f). These data suggest that transient hindpaw ischemia produced spinal 
potentiation, and the reduction in mechanical thresholds for paw-withdrawal reflex, likely via similar 
spinal mechanisms sensitive to LY354740.

The spinal responses occasionally appeared in separated segments (for example, Fig. 2a), which might 
reflect the presence of functional units. Therefore, we tested the fine somatotopic maps in the spinal 
responses elicited by vibratory stimulation applied to each toe. The spinal responses to stimulation of 
each toe appeared in small areas that were different each other (Supplementary Fig. S2). The respon-
sive areas were arranged almost linearly (Supplementary Figs S2). These results were compatible with a 
previous morphological study on spinal distribution of afferent fibers from each digit27. Therefore, the 
apparent segments in the spinal responses likely reflected strong stimulation of the skin convexes by the 
brush used for hindpaw stimulation.

Flavoprotein fluorescence responses in S1. Flavoprotein fluorescence responses elicited by hind-
paw stimulation appeared in the contralateral S1 (Fig. 3a). The initial time course of S1 responses elicited 
by hindpaw stimulation was similar to that of spinal responses, while hemodynamic responses obscured 
the later phase of the responses (Supplementary Figs S3). Although neural responses in S1 are arranged 
according to somatotopic maps over a large scale26,28,29, the responses elicited by stimulation of each toe 
were not clearly separated, and no fine somatotopic map was found (Supplementary Figs S3). When a 
pressure of 250 mmHg was applied to the thigh, S1 responses were almost completely abolished (Fig. 3b). 
However, the responses reappeared and were potentiated after hindpaw ischemia (Fig. 3b,c). The poten-
tiation was maintained up to 3 h after hindpaw ischemia. The relative amplitudes at 1 h after hindpaw 
ischemia (165 ±  18%, n =  13) were significantly larger than those in sham-treated mice (99 ±  4%, n =  8, 
P <  0.003, Fig. 3d,g). Potentiation of S1 responses after ischemic treatment was almost completely abol-
ished by spinal application of 10 nM LY354740 (Fig. 3e,f). The relative amplitudes of S1 responses in mice 
with spinal application with LY354740 were 105 ±  6% (n =  9) at 1 h after hindpaw ischemia, and were sig-
nificantly smaller than those in mice with spinal application of saline alone (150 ±  16%, n =  8, P <  0.007, 
Fig. 3g). Therefore, the suppression of S1 potentiation is likely attributable to the pharmacological effects 
of LY354740, but not to non-specific spinal injury caused by the drug application.

Modality shift from tactile sensation to nociception induced by hindpaw ischemia. Potentiation 
in S1 after ischemic treatment may be produced by a modality shift from tactile sensation to nocice-
ption, as observed after partial denervation7. When we disrupted the ipsilateral dorsal column at the 
T11 level (Fig. 4a), S1 responses elicited by hindpaw stimulation were abolished (Fig. 4b). However, S1 
responses reappeared at 30 and 60 min after ischemic treatment applied to the hindpaw (Fig.  4b). As 
no such response was observed in sham-treated mice (Fig. 4c), the reappearing S1 responses cannot be 
attributed to spontaneous recovery from the injury caused by dorsal column lesioning. The difference in 
S1 responses in the operated mice was statistically significant at 30 and 60 min after hindpaw ischemia 
or sham treatment (P <  0.01 for both, Fig. 4d). The reappearing S1 responses suggest that the modality 
shift from tactile sensation to nociception was induced within 30 min after ischemic treatment.

Potentiation in the contralateral spinal cord and the ipsilateral S1 during hindpaw 
ischemia. Changes in neural responses were not observable during ischemic treatment in the ipsilat-
eral spinal cord or in the contralateral S1 because of conduction block of the peripheral nerves. However, 
we found that the spinal responses elicited by vibratory stimulation applied to the hindpaw contralat-
eral to the ischemic treatment were significantly potentiated during ischemic treatment (Fig. 5a,b). The 
potentiation was maintained for at least 60 min after hindpaw ischemia. Cortical responses in S1 ipsilat-
eral to the ischemic treatment were similarly potentiated during and after hindpaw ischemia (Fig. 5c,d), 
indicating that spinal and cortical potentiation had already been initiated during ischemic treatment. 
Comparison of the potentiation at 60 min after hindpaw ischemia in the spinal cord (ipsilateral: 
138 ±  11%, n =  7; contralateral: 140 ±  6%, n =  5) and S1 (contralateral: 165 ±  18%, n =  13; ipsilateral; 
171 ±  14%, n =  14) revealed that the neural changes in the contralateral spinal cord and the ipsilateral 
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When the ischemic treatment was applied to the mice that received spinal application of LY354740, 
the thresholds at 2 h after hindpaw ischemia were 0.63 ±  0.12 g (n =  6). In contrast, the thresholds were 
0.12 ±  0.06 g (n =  6) in mice that received spinal application of saline alone (Fig.  1c). The difference 
at 2 h after hindpaw ischemia or sham-treatment was statistically significant (P <  0.01). We confirmed 
that spinal application of LY354740 alone had no apparent effect on the mechanical thresholds for 
paw-withdrawal reflex (Fig.  1d). Interestingly, a slight but significant reduction in the threshold was 
observed in the right hindpaw (Supplementary Fig. S1), suggesting that transient hindpaw ischemia 
might also have some effects on the contralateral spinal cord.

Flavoprotein fluorescence responses in the spinal cord. Because the behavioral test data sug-
gested the presence of some spinal plasticity, we recorded ipsilateral spinal responses elicited by vibra-
tory hindpaw stimulation using flavoprotein fluorescence imaging. Hindpaw stimulation produced an 
increase in fluorescence on the dorsal surface of the ipsilateral spinal cord corresponding to the dorsal 
horn at the T13 and L1 level (Fig.  2a). Because minimal response was found at T12, the fluorescence 
changes were attributed mainly to localized activities in the dorsal horn but not to ascending afferent 
activities mediated via the dorsal column. The responses started at 0.2 s after the onset of the stimulation, 

Figure 2. Potentiation of the spinal responses after hindpaw ischemia. (a) Example of ipsilateral 
spinal responses elicited by vibratory stimulation applied to the left hindpaw at T13 and L1 level (upper 
panels). The left-most panels are original fluorescence images, and others are pseudocolor images of 
response magnitudes in Δ F/F0 recorded at the time before and after the stimulus onset shown on each 
image. Another example of ipsilateral spinal responses elicited by vibratory stimulation applied to the left 
hindpaw at T12 and T13 level (lower panels). (b) Example of spinal responses recorded in the same mouse 
before, during, and 30–120 min after ischemic treatment applied to the left thigh for 30 min. The response 
amplitudes were measured in the square window of 100 ×  25 pixels shown in the second panel. (c) Relative 
amplitudes of spinal responses during and after ischemic treatment. The amplitudes were normalized by 
those recorded before hindpaw ischemia. (d) Example of spinal responses recorded before and at 60 min 
after sham treatment. (e) Example of spinal responses recorded before and at 60 min after hindpaw ischemia 
in a mouse with spinal application of 10 nM LY354740. (f) Comparison of the normalized response 
amplitudes in mice at 60 min after hindpaw ischemia, sham treatment, or hindpaw ischemia with spinal 
application of 10 nM LY354740.
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and peaked at approximately 1% in Δ F/F0 at 0.6–0.8 s after the stimulus onset. Although these prop-
erties were similar to those recorded in cortical areas7,26, the decay was slower than that of the cortical 
responses, as the hemodynamic responses were not marked in the spinal cord (Supplementary Figs S2).

The spinal responses to vibratory hindpaw stimulation were abolished by a pressure of 250 mmHg 
applied to the thigh, indicating that ischemic conduction block was successfully produced at 250 mmHg 
(Fig.  2b). The responses reappeared within 30 min after hindpaw ischemia, and the magnitude of the 
responses estimated at 30 min after hindpaw ischemia was slightly but significantly potentiated (P <  0.03, 
Fig.  2b,c). At 1 h after hindpaw ischemia, the response amplitudes reached maximal values, and were 
potentiated to 138 ±  11% (n =  7) compared with those before hindpaw ischemia (Fig.  2c). No clear 
potentiation was observed in sham-treated mice, and the difference between the two groups was statis-
tically significant (P <  0.002, Fig. 2d,f).

Next, we applied 10 nM LY354740 on the surface of the spinal cord during imaging experiments. 
Application of LY354740 had no immediate effect on the spinal responses to vibratory hindpaw stimu-
lation (Fig. 2e). However, the spinal responses were not clearly potentiated after hindpaw ischemia, and 
the relative amplitudes at 1 h after hindpaw ischemia were significantly smaller than those in mice with 
no LY354740 (P <  0.003, Fig. 2e,f). These data suggest that transient hindpaw ischemia produced spinal 
potentiation, and the reduction in mechanical thresholds for paw-withdrawal reflex, likely via similar 
spinal mechanisms sensitive to LY354740.

The spinal responses occasionally appeared in separated segments (for example, Fig. 2a), which might 
reflect the presence of functional units. Therefore, we tested the fine somatotopic maps in the spinal 
responses elicited by vibratory stimulation applied to each toe. The spinal responses to stimulation of 
each toe appeared in small areas that were different each other (Supplementary Fig. S2). The respon-
sive areas were arranged almost linearly (Supplementary Figs S2). These results were compatible with a 
previous morphological study on spinal distribution of afferent fibers from each digit27. Therefore, the 
apparent segments in the spinal responses likely reflected strong stimulation of the skin convexes by the 
brush used for hindpaw stimulation.

Flavoprotein fluorescence responses in S1. Flavoprotein fluorescence responses elicited by hind-
paw stimulation appeared in the contralateral S1 (Fig. 3a). The initial time course of S1 responses elicited 
by hindpaw stimulation was similar to that of spinal responses, while hemodynamic responses obscured 
the later phase of the responses (Supplementary Figs S3). Although neural responses in S1 are arranged 
according to somatotopic maps over a large scale26,28,29, the responses elicited by stimulation of each toe 
were not clearly separated, and no fine somatotopic map was found (Supplementary Figs S3). When a 
pressure of 250 mmHg was applied to the thigh, S1 responses were almost completely abolished (Fig. 3b). 
However, the responses reappeared and were potentiated after hindpaw ischemia (Fig. 3b,c). The poten-
tiation was maintained up to 3 h after hindpaw ischemia. The relative amplitudes at 1 h after hindpaw 
ischemia (165 ±  18%, n =  13) were significantly larger than those in sham-treated mice (99 ±  4%, n =  8, 
P <  0.003, Fig. 3d,g). Potentiation of S1 responses after ischemic treatment was almost completely abol-
ished by spinal application of 10 nM LY354740 (Fig. 3e,f). The relative amplitudes of S1 responses in mice 
with spinal application with LY354740 were 105 ±  6% (n =  9) at 1 h after hindpaw ischemia, and were sig-
nificantly smaller than those in mice with spinal application of saline alone (150 ±  16%, n =  8, P <  0.007, 
Fig. 3g). Therefore, the suppression of S1 potentiation is likely attributable to the pharmacological effects 
of LY354740, but not to non-specific spinal injury caused by the drug application.

Modality shift from tactile sensation to nociception induced by hindpaw ischemia. Potentiation 
in S1 after ischemic treatment may be produced by a modality shift from tactile sensation to nocice-
ption, as observed after partial denervation7. When we disrupted the ipsilateral dorsal column at the 
T11 level (Fig. 4a), S1 responses elicited by hindpaw stimulation were abolished (Fig. 4b). However, S1 
responses reappeared at 30 and 60 min after ischemic treatment applied to the hindpaw (Fig.  4b). As 
no such response was observed in sham-treated mice (Fig. 4c), the reappearing S1 responses cannot be 
attributed to spontaneous recovery from the injury caused by dorsal column lesioning. The difference in 
S1 responses in the operated mice was statistically significant at 30 and 60 min after hindpaw ischemia 
or sham treatment (P <  0.01 for both, Fig. 4d). The reappearing S1 responses suggest that the modality 
shift from tactile sensation to nociception was induced within 30 min after ischemic treatment.

Potentiation in the contralateral spinal cord and the ipsilateral S1 during hindpaw 
ischemia. Changes in neural responses were not observable during ischemic treatment in the ipsilat-
eral spinal cord or in the contralateral S1 because of conduction block of the peripheral nerves. However, 
we found that the spinal responses elicited by vibratory stimulation applied to the hindpaw contralat-
eral to the ischemic treatment were significantly potentiated during ischemic treatment (Fig. 5a,b). The 
potentiation was maintained for at least 60 min after hindpaw ischemia. Cortical responses in S1 ipsilat-
eral to the ischemic treatment were similarly potentiated during and after hindpaw ischemia (Fig. 5c,d), 
indicating that spinal and cortical potentiation had already been initiated during ischemic treatment. 
Comparison of the potentiation at 60 min after hindpaw ischemia in the spinal cord (ipsilateral: 
138 ±  11%, n =  7; contralateral: 140 ±  6%, n =  5) and S1 (contralateral: 165 ±  18%, n =  13; ipsilateral; 
171 ±  14%, n =  14) revealed that the neural changes in the contralateral spinal cord and the ipsilateral 



－  110  －

www.nature.com/scientificreports/

5Scientific RepoRts | 5:11191 | DOi: 10.1038/srep11191

S1 were comparable to those in the opposite sides. These results suggest that reduction in the mechanical 
thresholds of the right hindpaw-withdrawal reflex could be observed after ischemic treatment applied 
to the left thigh. In accordance with these results, a slight but significant reduction in the mechanical 
threshold (P <  0.02) was observed in the right hindpaw withdrawal reflex at 3 h after ischemia applied 
to the left hindpaw. However, S1 responses to forepaw stimulation were not clearly affected by ischemia 
applied to the hindpaw (Supplementary Figs S4).

Discussion
Postischemic mechanical allodynia produced by spinal mechanisms in mice. In the present 
study, we found that mechanical thresholds for hindpaw-withdrawal reflex were reduced after ischemic 
treatment. Previous studies also reported that hyperalgesia30 or mechanical allodynia31 is observed after 
hindpaw ischemia in animal experiments. However, it is difficult to differentiate between tingling sensa-
tion (or dysesthesia) and hyperalgesia or mechanical allodynia using behavioral tests, because all of these 
symptoms produce reduced mechanical thresholds. The reduced mechanical thresholds after ischemic 
treatment in the present study can be regarded as dysesthesia, because tingling sensation rather than pain 
is frequently experienced by human subjects after reversible hindpaw ischemia. Usually, postischemic 
dysesthesia due to hyperexcitability of peripheral nerves continues for approximately 5 min after ischemic 
treatment1, while use of a tourniquet to prevent bleeding for more than 2 h can produce long-lasting 
dysesthesia32.

The reduced mechanical thresholds were accompanied by potentiation in the spinal cord and S1. 
These three changes after ischemic treatment were abolished by spinal application of LY354740. Spinal 
and S1 responses to the right hindpaw stimulation were also potentiated during ischemia applied to 
the left hindpaw. Although long lasting-ischemia and reperfusion produce peroxides and resulting 
cytokine-mediated adverse pathophysiological effects on peripheral tissues33,34, potentiation in the 

Figure 3. Potentiation of the S1 responses after ischemic treatment. (a) Example of contralateral S1 
responses elicited by vibratory stimulation applied to the left hindpaw. (b) Example of S1 responses recorded 
in the same mouse before, during, and 30–180 min after ischemia applied to the left thigh for 30 min. The 
response amplitudes were measured in the square window of 60 ×  60 pixels shown in the second panel. 
(c) Relative amplitudes of S1 responses during and after hindpaw ischemia. (d) Example of S1 responses 
recorded before and at 60 min after sham treatment. (e) Example of S1 responses recorded before and 
at 60 min after hindpaw ischemia in a mouse with spinal application of saline alone. (f) Example of S1 
responses recorded before and at 60 min after hindpaw ischemia in a mouse with spinal application of 10 nM 
LY354740. (g) Comparison of the normalized response amplitudes in mice at 60 min after hindpaw ischemia, 
sham treatment, hindpaw ischemia with spinal application of saline alone, or hindpaw ischemia with spinal 
application of 10 nM LY354740.
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contralateral spinal cord or in the ipsilateral S1 was observed before reperfusion was started, and S1 
responses to forepaw stimulation were not affected by ischemia applied to the hindpaw. Taken together, 
these data suggest that postischemic tingling sensation was produced by localized spinal mechanisms in 
our mouse model.

Spinal neural circuits and mechanisms producing postischemic plasticity. Neural imaging is 
useful for investigating mechanisms underlying postischemic tingling sensation. We used endogenous 
fluorescence signals derived from the mitochondrial flavoproteins15. Because flavoproteins are endoge-
nous proteins of the electron transfer system in the mitochondria, it is very unlikely that flavoproteins 
work as a calcium chelator and have some artificial effects on the calcium dynamics, which play essential 
roles in induction of synaptic plasticity. We have successfully recorded various types of neural plas-
ticity using this imaging method16,17,20,35. Flavoprotein fluorescence responses are mainly derived from 
synaptically-driven neuronal activity21, and no clear fluorescence response was found from the ipsilateral 
dorsal column that mediates tactile sensory information during hindpaw stimulation. Therefore, the spi-
nal flavoprotein fluorescence responses were presumably derived from dorsal parts of the dorsal horn, 
which is composed of lamina I–VI36. Of these, tactile inputs mediated by Aβ  fibers are terminated mainly 
in lamina III–V. Lamina II, or the substantial gelatinosa, has a critical role in neuropathic pain37,38, and 
receives nociceptive inputs mediated mainly by C fibers39. Group II mGluRs are located in the substantial 
gelatinosa40. Taken together, the spinal fluorescence responses elicited by tactile stimuli to the hindpaw 
are likely derived from neuronal activity in lamina III–V, and the potentiation observed after ischemic 
treatment likely reflects the recruitment of neuronal activity in the substantial gelatinosa.

An initial phase of neuropathic pain after partial denervation is abolished by spinal application of 
LY3547407, and this compound and similar group II mGluR agonists alleviate neuropathic pain8,41. 
Because the potentiation in the present study was also susceptible to spinal application of LY354740, 
these two types of potentiation may share similar mechanisms, at least in part, with neuropathic pain 
(Fig. 6a). Activation of postsynaptic group II mGluRs reduces presynaptic transmitter release42, produces 
membrane hyperpolarization by opening inward rectifier K+ channels43,44, and modulates spontaneous 
Ca2+ spikes45. Therefore, failure of group II mGluR activation during conduction block of peripheral 
nerve activities may increase the excitability and intracellular Ca2+ concentration of postsynaptic neu-
rons. These changes induce down-regulation of the neuron-specific KCl cotransporter (KCC2) in dorsal 
horn neurons and a resulting reduced neuronal Cl– gradient46–48. Nociceptive spinal neurons are dynam-
ically regulated by inhibition from various sources49,50, and modulation of the Cl– gradient can explain 
the increased responsiveness of spinothalamic tract neurons to innocuous mechanical stimuli in animals 
with neuropathic pain48,51. The spinal potentiation is induced not only in the ipsilateral site that fails to 
receive basal afferent firing, but also in the contralateral site or nearby site after partial nerve cutting. 
Because stimulation of different skin areas produces separate spinal responses (for example, Fig. 3), the 
potentiation in nearby spinal sites may have been induced by diffusible mediators produced in spinal neu-
rons that failed to receive basal afferent firing (Fig. 6b). It is suggested that hindpaw ischemia produced 

Figure 4. Sensory modality shift induced by ischemic treatment. (a) Lesion in the left dorsal column 
at T11 level. (b) Example of the right S1 responses modified by the left column lesioning and ischemic 
treatment applied to the left thigh. (c) Example of the right S1 responses modified by the left column 
lessoning and sham treatment applied to the left thigh. (d) Response amplitudes immediately after dorsal 
column lesioning, and at 30 min and 60 min after ischemic or sham treatment.
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S1 were comparable to those in the opposite sides. These results suggest that reduction in the mechanical 
thresholds of the right hindpaw-withdrawal reflex could be observed after ischemic treatment applied 
to the left thigh. In accordance with these results, a slight but significant reduction in the mechanical 
threshold (P <  0.02) was observed in the right hindpaw withdrawal reflex at 3 h after ischemia applied 
to the left hindpaw. However, S1 responses to forepaw stimulation were not clearly affected by ischemia 
applied to the hindpaw (Supplementary Figs S4).

Discussion
Postischemic mechanical allodynia produced by spinal mechanisms in mice. In the present 
study, we found that mechanical thresholds for hindpaw-withdrawal reflex were reduced after ischemic 
treatment. Previous studies also reported that hyperalgesia30 or mechanical allodynia31 is observed after 
hindpaw ischemia in animal experiments. However, it is difficult to differentiate between tingling sensa-
tion (or dysesthesia) and hyperalgesia or mechanical allodynia using behavioral tests, because all of these 
symptoms produce reduced mechanical thresholds. The reduced mechanical thresholds after ischemic 
treatment in the present study can be regarded as dysesthesia, because tingling sensation rather than pain 
is frequently experienced by human subjects after reversible hindpaw ischemia. Usually, postischemic 
dysesthesia due to hyperexcitability of peripheral nerves continues for approximately 5 min after ischemic 
treatment1, while use of a tourniquet to prevent bleeding for more than 2 h can produce long-lasting 
dysesthesia32.

The reduced mechanical thresholds were accompanied by potentiation in the spinal cord and S1. 
These three changes after ischemic treatment were abolished by spinal application of LY354740. Spinal 
and S1 responses to the right hindpaw stimulation were also potentiated during ischemia applied to 
the left hindpaw. Although long lasting-ischemia and reperfusion produce peroxides and resulting 
cytokine-mediated adverse pathophysiological effects on peripheral tissues33,34, potentiation in the 

Figure 3. Potentiation of the S1 responses after ischemic treatment. (a) Example of contralateral S1 
responses elicited by vibratory stimulation applied to the left hindpaw. (b) Example of S1 responses recorded 
in the same mouse before, during, and 30–180 min after ischemia applied to the left thigh for 30 min. The 
response amplitudes were measured in the square window of 60 ×  60 pixels shown in the second panel. 
(c) Relative amplitudes of S1 responses during and after hindpaw ischemia. (d) Example of S1 responses 
recorded before and at 60 min after sham treatment. (e) Example of S1 responses recorded before and 
at 60 min after hindpaw ischemia in a mouse with spinal application of saline alone. (f) Example of S1 
responses recorded before and at 60 min after hindpaw ischemia in a mouse with spinal application of 10 nM 
LY354740. (g) Comparison of the normalized response amplitudes in mice at 60 min after hindpaw ischemia, 
sham treatment, hindpaw ischemia with spinal application of saline alone, or hindpaw ischemia with spinal 
application of 10 nM LY354740.
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contralateral spinal cord or in the ipsilateral S1 was observed before reperfusion was started, and S1 
responses to forepaw stimulation were not affected by ischemia applied to the hindpaw. Taken together, 
these data suggest that postischemic tingling sensation was produced by localized spinal mechanisms in 
our mouse model.

Spinal neural circuits and mechanisms producing postischemic plasticity. Neural imaging is 
useful for investigating mechanisms underlying postischemic tingling sensation. We used endogenous 
fluorescence signals derived from the mitochondrial flavoproteins15. Because flavoproteins are endoge-
nous proteins of the electron transfer system in the mitochondria, it is very unlikely that flavoproteins 
work as a calcium chelator and have some artificial effects on the calcium dynamics, which play essential 
roles in induction of synaptic plasticity. We have successfully recorded various types of neural plas-
ticity using this imaging method16,17,20,35. Flavoprotein fluorescence responses are mainly derived from 
synaptically-driven neuronal activity21, and no clear fluorescence response was found from the ipsilateral 
dorsal column that mediates tactile sensory information during hindpaw stimulation. Therefore, the spi-
nal flavoprotein fluorescence responses were presumably derived from dorsal parts of the dorsal horn, 
which is composed of lamina I–VI36. Of these, tactile inputs mediated by Aβ  fibers are terminated mainly 
in lamina III–V. Lamina II, or the substantial gelatinosa, has a critical role in neuropathic pain37,38, and 
receives nociceptive inputs mediated mainly by C fibers39. Group II mGluRs are located in the substantial 
gelatinosa40. Taken together, the spinal fluorescence responses elicited by tactile stimuli to the hindpaw 
are likely derived from neuronal activity in lamina III–V, and the potentiation observed after ischemic 
treatment likely reflects the recruitment of neuronal activity in the substantial gelatinosa.

An initial phase of neuropathic pain after partial denervation is abolished by spinal application of 
LY3547407, and this compound and similar group II mGluR agonists alleviate neuropathic pain8,41. 
Because the potentiation in the present study was also susceptible to spinal application of LY354740, 
these two types of potentiation may share similar mechanisms, at least in part, with neuropathic pain 
(Fig. 6a). Activation of postsynaptic group II mGluRs reduces presynaptic transmitter release42, produces 
membrane hyperpolarization by opening inward rectifier K+ channels43,44, and modulates spontaneous 
Ca2+ spikes45. Therefore, failure of group II mGluR activation during conduction block of peripheral 
nerve activities may increase the excitability and intracellular Ca2+ concentration of postsynaptic neu-
rons. These changes induce down-regulation of the neuron-specific KCl cotransporter (KCC2) in dorsal 
horn neurons and a resulting reduced neuronal Cl– gradient46–48. Nociceptive spinal neurons are dynam-
ically regulated by inhibition from various sources49,50, and modulation of the Cl– gradient can explain 
the increased responsiveness of spinothalamic tract neurons to innocuous mechanical stimuli in animals 
with neuropathic pain48,51. The spinal potentiation is induced not only in the ipsilateral site that fails to 
receive basal afferent firing, but also in the contralateral site or nearby site after partial nerve cutting. 
Because stimulation of different skin areas produces separate spinal responses (for example, Fig. 3), the 
potentiation in nearby spinal sites may have been induced by diffusible mediators produced in spinal neu-
rons that failed to receive basal afferent firing (Fig. 6b). It is suggested that hindpaw ischemia produced 

Figure 4. Sensory modality shift induced by ischemic treatment. (a) Lesion in the left dorsal column 
at T11 level. (b) Example of the right S1 responses modified by the left column lesioning and ischemic 
treatment applied to the left thigh. (c) Example of the right S1 responses modified by the left column 
lessoning and sham treatment applied to the left thigh. (d) Response amplitudes immediately after dorsal 
column lesioning, and at 30 min and 60 min after ischemic or sham treatment.
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some diffusible mediators that produced not only potentiation of contralateral hindpaw responses but 
also contralateral mechanical allodynia. Diffusible mediators may also play a role in potentiation of spi-
nal responses ipsilateral to ischemic treatment. In accordance with this concept, neuropathic pain was 
reported to be facilitated by a number of diffusible mediators such as nitric oxide52 and ATP/cytokines53. 
The mechanical allodynia observed after hindpaw ischemia seemed to be more clearly observed in mice 
compared with similar phenomena in humans. Furthermore, humans do not clearly exhibit tingling sen-
sation contralateral to the ischemic side or after partial nerve cutting. This difference may be attributed to 
the small size of spinal circuits in mice, in which diffusible messengers such as nitric oxide can be very 
effective. Another important consideration is that the potentiation observed during ischemic treatment 
in the present study could not be induced by repetitive activity in peripheral nerves, another condition 
known to induce spinal potentiation54,55.

Postischemic changes as an experimental model for investigating neuropathic 
pain. Neuropathic pain is usually induced by peripheral nerve injury in animal models9–11. It is pro-
duced by a complex cascade of inflammation and gene expression, and not only neurons but also glial 
cells in the spinal cord have important roles in neuropathic pain12–14. We have reported that an initial 
phase of neuropathic pain is observed at a few hours after partial denervation7. However, postischemic 
tingling sensation and plasticity, which share similar spinal mechanisms with neuropathic pain, were 
observed at 30 min after reversible hindpaw ischemia. Furthermore, potentiation of spinal responses 
contralateral to the ischemic side appeared within 30 min of ischemic treatment. Regardless of the spe-
cies difference, the very early onset of neural plasticity during reversible hindpaw ischemia or tran-
sient functional deafferentation in mice make them useful as an experimental model for observing and 

Figure 5. Responses to peripheral stimulation contralateral to hindpaw ischemia. (a) Example of spinal 
responses to left hindpaw stimulation before, during, and at 30 min and 60 min after ischemic treatment 
applied to the right hindpaw. (b) Relative amplitudes of the responses to left hindpaw stimulation before, 
during, and at 30 min and 60 min after ischemic or sham treatment applied to the right hindpaw. Responses 
were normalized by those recorded before ischemic or sham treatment. (c) Example of S1 responses to left 
hindpaw stimulation before, during, and after ischemic treatment applied to the right hindpaw. (d) Relative 
amplitudes of the responses to left hindpaw stimulation.
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investigating the detailed cellular and molecular cascades that trigger human neuropathic pain. However, 
further studies on neuronal and glial activities in the spinal cord are required for establishing a new 
preclinical model of early neuropathic pain based on the present studies.

Materials and methods
The experiments in the present study were approved by the ethics committee of animal experiments in 
Niigata University (approved number: 233-4), and were carried out in accordance with the approved 
guidelines. Male C57BL/6 mice between 7 and 10 weeks old, purchased from Charles River Japan (Tokyo, 
Japan), were used in the present study.

Estimation of mechanical thresholds for hindpaw-withdrawal reflex. The mechanical thresh-
olds for hindpaw-withdrawal reflex were measured using von Frey filaments25. The forces produced 
by von Frey filaments were between 0.008 and 1.4 g (respective sizes: between 1.65 and 4.17). Mice 
were separately placed into a transparent plastic box with a mesh floor, and accustomed to the state for 
30 min. The thresholds were determined from the minimal force at which hindpaw withdrawal reflex 
was induced more than twice in eight trials. Transient ischemia was applied to the left hindpaw of mice 
lightly anesthetized with 1% isoflurane. Urethane anesthesia (1.65 g/kg, i.p.) was also used for imaging 
experiments. A small rubber cuff was set around the left thigh, and covered with a hard plastic tube 
(Fig.  1a). Air pressure at 250 mmHg was applied for 30 min to the tubing connected to the cuff using 
a mercury manometer. The pressure was directed to the thigh, because inflation of the rubber cuff was 
limited by the hard plastic tube. We confirmed that this treatment was sufficient to produce transient 
ischemia of the hindpaw, as neural responses elicited by vibratory stimulation to the hindpaw were 
blocked by this manipulation (for example, Figs 2c,4b). No apparent impairment except reduced thresh-
old of paw-withdrawal reflex was found in the left leg after the mice recovered from isoflurane anesthesia.

Imaging experiments. The surgical procedures were performed as described previously7. Mice were 
anesthetized with urethane (1.65 g/kg, i.p.), and a tracheotomy was performed for facilitating sponta-
neous respiration. During the experiments, body temperature was monitored using a rectal probe and 
maintained at 38 °C using a silicon rubber heater. These surgical operations were usually finished within 
60 min. Recordings were started at 30 min after the surgical operations. Additional doses of urethane 
(0.1–0.2 g/kg, s.c.) were administered when necessary. When spinal responses to hindpaw stimulation 
were investigated, the vertebral arch was removed at the T13 and L1 level, and the dorsal surface of the 
spinal cord with the intact dura mater was exposed. The surface was cleaned with saline, and covered 
with 2% agarose to prevent spinal movement. The surface of the agarose gel was covered with a mix-
ture of petroleum jelly and liquid paraffin to prevent drying. The spinal cord was fixed under a micro-
scope using a clamp (STS-A; Narishige, Tokyo, Japan). Spontaneous respiration was maintained during 
the imaging experiment, because the movement of the spinal cord caused by respiration was minimal. 

Figure 6. Mechanisms underlying postischemic plasticity. (a) Sensory modality shift from tactile to 
tingling sensation at the spinal cord level. (b) Schematic drawings of spinal potentiation ipsilateral and 
contralateral to ischemic treatment. Expected spinal potentiation induced after partial nerve cutting may also 
be induced by similar mechanisms.
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some diffusible mediators that produced not only potentiation of contralateral hindpaw responses but 
also contralateral mechanical allodynia. Diffusible mediators may also play a role in potentiation of spi-
nal responses ipsilateral to ischemic treatment. In accordance with this concept, neuropathic pain was 
reported to be facilitated by a number of diffusible mediators such as nitric oxide52 and ATP/cytokines53. 
The mechanical allodynia observed after hindpaw ischemia seemed to be more clearly observed in mice 
compared with similar phenomena in humans. Furthermore, humans do not clearly exhibit tingling sen-
sation contralateral to the ischemic side or after partial nerve cutting. This difference may be attributed to 
the small size of spinal circuits in mice, in which diffusible messengers such as nitric oxide can be very 
effective. Another important consideration is that the potentiation observed during ischemic treatment 
in the present study could not be induced by repetitive activity in peripheral nerves, another condition 
known to induce spinal potentiation54,55.

Postischemic changes as an experimental model for investigating neuropathic 
pain. Neuropathic pain is usually induced by peripheral nerve injury in animal models9–11. It is pro-
duced by a complex cascade of inflammation and gene expression, and not only neurons but also glial 
cells in the spinal cord have important roles in neuropathic pain12–14. We have reported that an initial 
phase of neuropathic pain is observed at a few hours after partial denervation7. However, postischemic 
tingling sensation and plasticity, which share similar spinal mechanisms with neuropathic pain, were 
observed at 30 min after reversible hindpaw ischemia. Furthermore, potentiation of spinal responses 
contralateral to the ischemic side appeared within 30 min of ischemic treatment. Regardless of the spe-
cies difference, the very early onset of neural plasticity during reversible hindpaw ischemia or tran-
sient functional deafferentation in mice make them useful as an experimental model for observing and 

Figure 5. Responses to peripheral stimulation contralateral to hindpaw ischemia. (a) Example of spinal 
responses to left hindpaw stimulation before, during, and at 30 min and 60 min after ischemic treatment 
applied to the right hindpaw. (b) Relative amplitudes of the responses to left hindpaw stimulation before, 
during, and at 30 min and 60 min after ischemic or sham treatment applied to the right hindpaw. Responses 
were normalized by those recorded before ischemic or sham treatment. (c) Example of S1 responses to left 
hindpaw stimulation before, during, and after ischemic treatment applied to the right hindpaw. (d) Relative 
amplitudes of the responses to left hindpaw stimulation.
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investigating the detailed cellular and molecular cascades that trigger human neuropathic pain. However, 
further studies on neuronal and glial activities in the spinal cord are required for establishing a new 
preclinical model of early neuropathic pain based on the present studies.

Materials and methods
The experiments in the present study were approved by the ethics committee of animal experiments in 
Niigata University (approved number: 233-4), and were carried out in accordance with the approved 
guidelines. Male C57BL/6 mice between 7 and 10 weeks old, purchased from Charles River Japan (Tokyo, 
Japan), were used in the present study.

Estimation of mechanical thresholds for hindpaw-withdrawal reflex. The mechanical thresh-
olds for hindpaw-withdrawal reflex were measured using von Frey filaments25. The forces produced 
by von Frey filaments were between 0.008 and 1.4 g (respective sizes: between 1.65 and 4.17). Mice 
were separately placed into a transparent plastic box with a mesh floor, and accustomed to the state for 
30 min. The thresholds were determined from the minimal force at which hindpaw withdrawal reflex 
was induced more than twice in eight trials. Transient ischemia was applied to the left hindpaw of mice 
lightly anesthetized with 1% isoflurane. Urethane anesthesia (1.65 g/kg, i.p.) was also used for imaging 
experiments. A small rubber cuff was set around the left thigh, and covered with a hard plastic tube 
(Fig.  1a). Air pressure at 250 mmHg was applied for 30 min to the tubing connected to the cuff using 
a mercury manometer. The pressure was directed to the thigh, because inflation of the rubber cuff was 
limited by the hard plastic tube. We confirmed that this treatment was sufficient to produce transient 
ischemia of the hindpaw, as neural responses elicited by vibratory stimulation to the hindpaw were 
blocked by this manipulation (for example, Figs 2c,4b). No apparent impairment except reduced thresh-
old of paw-withdrawal reflex was found in the left leg after the mice recovered from isoflurane anesthesia.

Imaging experiments. The surgical procedures were performed as described previously7. Mice were 
anesthetized with urethane (1.65 g/kg, i.p.), and a tracheotomy was performed for facilitating sponta-
neous respiration. During the experiments, body temperature was monitored using a rectal probe and 
maintained at 38 °C using a silicon rubber heater. These surgical operations were usually finished within 
60 min. Recordings were started at 30 min after the surgical operations. Additional doses of urethane 
(0.1–0.2 g/kg, s.c.) were administered when necessary. When spinal responses to hindpaw stimulation 
were investigated, the vertebral arch was removed at the T13 and L1 level, and the dorsal surface of the 
spinal cord with the intact dura mater was exposed. The surface was cleaned with saline, and covered 
with 2% agarose to prevent spinal movement. The surface of the agarose gel was covered with a mix-
ture of petroleum jelly and liquid paraffin to prevent drying. The spinal cord was fixed under a micro-
scope using a clamp (STS-A; Narishige, Tokyo, Japan). Spontaneous respiration was maintained during 
the imaging experiment, because the movement of the spinal cord caused by respiration was minimal. 

Figure 6. Mechanisms underlying postischemic plasticity. (a) Sensory modality shift from tactile to 
tingling sensation at the spinal cord level. (b) Schematic drawings of spinal potentiation ipsilateral and 
contralateral to ischemic treatment. Expected spinal potentiation induced after partial nerve cutting may also 
be induced by similar mechanisms.
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Flavoprotein fluorescence imaging was performed as described previously7. Endogenous green fluores-
cence (λ  =  500–550 nm) was recorded in blue light (λ  =  450–490 nm). Images (128 ×  168 pixels) of the 
spinal cord or S1 were recorded at 9 frames/s using a cooled charge coupled device camera (ORCA-R2; 
Hamamatsu Photonics, Hamamatsu, Japan). The camera was attached to a binocular epifluorescence 
microscope (M165 FC; Leica Microsystems, Wetzlar, Germany) with a 75-W xenon light source and a 
1×  objective lens. Serial images were taken in recording sessions repeated at 50 s intervals. Brush vibra-
tion (amplitude: 0.2 mm; frequency: 50 Hz) was applied for 600 ms to the sole of the hindpaw using a 
mechanical stimulator (DPS-290; Dia Medical, Tokyo, Japan). When fine somatotopic maps were inves-
tigated in the spinal cord or S1, brush vibration was applied to each toe. Fluorescence changes elicited 
by the stimulation were averaged over 24 trials. Because it took approximately 20 min to obtain data 
from 24 trials, the recording time of the averaged data was defined as the middle point of the record-
ing period. Spatial averaging in 5 ×  5 pixels and temporal averaging in three consecutive frames were 
used for smoothing and improving the image quality. The images were normalized, pixel by pixel, with 
respect to a reference image, which was obtained by averaging five images taken immediately before the 
stimulation. In the figures, parts of the normalized images are shown in a pseudocolor scale representing 
the fractional fluorescence changes (Δ F/F0). The response amplitude was evaluated as values of Δ F/F0 
in a square window of 100 ×  25 pixels or 3.84 ×  0.96 mm. The location of the window was adjusted to 
maximize the response amplitude in Δ F/F0. After the recordings, mice were euthanized with an overdose 
of pentobarbital (300 mg/kg, i.p.).

For investigating the S1 responses to hindpaw stimulation, the disinfected head skin was incised, 
and the skull over the right S1 was exposed. The surface of the skull was cleaned with sterile saline, and 
a small piece of metal was attached to the skull with dental acrylic resin (Super Bond; Sun Medical, 
Shiga, Japan) to fix the head under a microscope. The surface of the skull was covered with a mixture of 
petroleum jelly and liquid paraffin to keep the skull transparent. The response amplitude was evaluated 
as values of Δ F/F0 in a square window of 60 ×  60 pixels or 1.55 ×  1.55 mm.

Dorsal column lesioning. The left dorsal column was disrupted using an ultrasonic cutter (NE87; 
NSK, Kanuma, Japan) at the T11 level, as described previously7. To verify the lesion, the spinal cord 
was isolated after the recording experiments and fixed with 10% paraformaldehyde. Serial spinal cord 
sections of 100-μ m thickness were cut using a microslicer (PRO-7; Dosaka, Kyoto, Japan), and the trans-
lucent images were observed.

Spinal application of LY354740 to the spinal cord. In behavioral experiments, LY354740 (10 nM, 
5 μ l), obtained from Santa Cruz Biotechnology (Santa Cruz, USA), was applied to the spinal cord with 
intrathecal injection before hindpaw ischemia. In imaging experiments of the spinal responses, epidural 
application and infiltration of 10 nM LY354740 for at least 30 min was performed before the epidural 
surface was covered with 2% agarose. Epidural application and infiltration of saline alone was natu-
rally performed in other imaging experiments of the spinal responses. In imaging experiments of S1 
responses, the epidural application and infiltration of 10 nM LY354740 or saline alone was performed at 
the T13–L1 level.

Statistics. Statistical significance in data was analyzed using StatView software (SAS Institute Inc., 
Cary, USA). Unpaired data obtained from different mice were evaluated by the Mann Whitney U-test. 
Paired data obtained from the same mice were evaluated by the Wilcoxon signed rank test. Only P values 
less than 0.05 are shown.
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Flavoprotein fluorescence imaging was performed as described previously7. Endogenous green fluores-
cence (λ  =  500–550 nm) was recorded in blue light (λ  =  450–490 nm). Images (128 ×  168 pixels) of the 
spinal cord or S1 were recorded at 9 frames/s using a cooled charge coupled device camera (ORCA-R2; 
Hamamatsu Photonics, Hamamatsu, Japan). The camera was attached to a binocular epifluorescence 
microscope (M165 FC; Leica Microsystems, Wetzlar, Germany) with a 75-W xenon light source and a 
1×  objective lens. Serial images were taken in recording sessions repeated at 50 s intervals. Brush vibra-
tion (amplitude: 0.2 mm; frequency: 50 Hz) was applied for 600 ms to the sole of the hindpaw using a 
mechanical stimulator (DPS-290; Dia Medical, Tokyo, Japan). When fine somatotopic maps were inves-
tigated in the spinal cord or S1, brush vibration was applied to each toe. Fluorescence changes elicited 
by the stimulation were averaged over 24 trials. Because it took approximately 20 min to obtain data 
from 24 trials, the recording time of the averaged data was defined as the middle point of the record-
ing period. Spatial averaging in 5 ×  5 pixels and temporal averaging in three consecutive frames were 
used for smoothing and improving the image quality. The images were normalized, pixel by pixel, with 
respect to a reference image, which was obtained by averaging five images taken immediately before the 
stimulation. In the figures, parts of the normalized images are shown in a pseudocolor scale representing 
the fractional fluorescence changes (Δ F/F0). The response amplitude was evaluated as values of Δ F/F0 
in a square window of 100 ×  25 pixels or 3.84 ×  0.96 mm. The location of the window was adjusted to 
maximize the response amplitude in Δ F/F0. After the recordings, mice were euthanized with an overdose 
of pentobarbital (300 mg/kg, i.p.).

For investigating the S1 responses to hindpaw stimulation, the disinfected head skin was incised, 
and the skull over the right S1 was exposed. The surface of the skull was cleaned with sterile saline, and 
a small piece of metal was attached to the skull with dental acrylic resin (Super Bond; Sun Medical, 
Shiga, Japan) to fix the head under a microscope. The surface of the skull was covered with a mixture of 
petroleum jelly and liquid paraffin to keep the skull transparent. The response amplitude was evaluated 
as values of Δ F/F0 in a square window of 60 ×  60 pixels or 1.55 ×  1.55 mm.

Dorsal column lesioning. The left dorsal column was disrupted using an ultrasonic cutter (NE87; 
NSK, Kanuma, Japan) at the T11 level, as described previously7. To verify the lesion, the spinal cord 
was isolated after the recording experiments and fixed with 10% paraformaldehyde. Serial spinal cord 
sections of 100-μ m thickness were cut using a microslicer (PRO-7; Dosaka, Kyoto, Japan), and the trans-
lucent images were observed.

Spinal application of LY354740 to the spinal cord. In behavioral experiments, LY354740 (10 nM, 
5 μ l), obtained from Santa Cruz Biotechnology (Santa Cruz, USA), was applied to the spinal cord with 
intrathecal injection before hindpaw ischemia. In imaging experiments of the spinal responses, epidural 
application and infiltration of 10 nM LY354740 for at least 30 min was performed before the epidural 
surface was covered with 2% agarose. Epidural application and infiltration of saline alone was natu-
rally performed in other imaging experiments of the spinal responses. In imaging experiments of S1 
responses, the epidural application and infiltration of 10 nM LY354740 or saline alone was performed at 
the T13–L1 level.

Statistics. Statistical significance in data was analyzed using StatView software (SAS Institute Inc., 
Cary, USA). Unpaired data obtained from different mice were evaluated by the Mann Whitney U-test. 
Paired data obtained from the same mice were evaluated by the Wilcoxon signed rank test. Only P values 
less than 0.05 are shown.
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Tsukano H, Horie M, Bo T, Uchimura A, Hishida R, Kudoh M,
Takahashi K, Takebayashi H, Shibuki K. Delineation of a frequency-
organized region isolated from the mouse primary auditory cortex. J
Neurophysiol 113: 2900–2920, 2015. First published February 18,
2015; doi:10.1152/jn.00932.2014.—The primary auditory cortex (AI)
is the representative recipient of information from the ears in the
mammalian cortex. However, the delineation of the AI is still contro-
versial in a mouse. Recently, it was reported, using optical imaging,
that two distinct areas of the AI, located ventrally and dorsally, are
activated by high-frequency tones, whereas only one area is activated
by low-frequency tones. Here, we show that the dorsal high-frequency
area is an independent region that is separated from the rest of the AI.
We could visualize the two distinct high-frequency areas using fla-
voprotein fluorescence imaging, as reported previously. SMI-32 im-
munolabeling revealed that the dorsal region had a different cytoarchi-
tectural pattern from the rest of the AI. Specifically, the ratio of
SMI-32-positive pyramidal neurons to nonpyramidal neurons was
larger in the dorsal high-frequency area than the rest of the AI. We
named this new region the dorsomedial field (DM). Retrograde tracing
showed that neurons projecting to the DM were localized in the rostral
part of the ventral division of the medial geniculate body with a
distinct frequency organization, where few neurons projected to the
AI. Furthermore, the responses of the DM to ultrasonic courtship
songs presented by males were significantly greater in females than in
males; in contrast, there was no sex difference in response to artificial
pure tones. Our findings offer a basic outline on the processing of
ultrasonic vocal information on the basis of the precisely subdivided,
multiple frequency-organized auditory cortex map in mice.

auditory cortex; mapping; multiple frequency organization; courtship
song; mice

THE PRIMARY SENSORY CORTEX of the mammalian brain is widely
known to receive the first thalamic inputs that convey periph-
eral sensory information, such as hearing and vision. In the
auditory cortex, the primary auditory cortex (AI) is the main
recipient of information from the ears into the cortex and
transfers this information to higher-order auditory cortical
regions (Kaas and Hackett 2000). The AI is important in terms
of being both the receiver and the relay point in hierarchical
auditory processing and has been studied using various ani-
mals, including mice.

The mouse is widely used in auditory physiological research
because of its merits as an animal model in auditory cortical
studies involving two-photon Ca2� imaging (Bandyopadhyay
et al. 2010; Bathellier et al. 2012; Honma et al. 2013; Issa et al.
2014; Rothschild et al. 2010), voltage-sensitive imaging (Sa-
watari et al. 2011; Takahashi et al. 2006), anatomical studies
(Barkat et al. 2011; Hackett et al. 2011; Hofstetter and Ehret
1992; Horie et al. 2013; Llano and Sherman 2008; Oviedo et al.
2010), genetic manipulation (Barkat et al. 2011; Rotschafer
and Razak 2013; Xiong et al. 2012), and behavioral analysis
(Tsukano et al. 2011). Accordingly, the attainment of precise
knowledge of the AI in mice is essential. However, the delin-
eation of the map of the mouse auditory cortex is under debate,
as maps obtained by electrophysiology have been amended in
recent studies using optical imaging.

The classical mouse auditory cortex map was drawn using
unit recording. The anterior auditory field (AAF) and AI with
clear frequency gradients are placed at the center as the core
and are surrounded by the belt region, considered the higher-
order region, including the secondary auditory field (AII), the
ultrasonic field (UF), and the dorsoposterior field (DP)
(Stiebler et al. 1997). The AAF and AI have frequency-
organized arrangements covering the frequencies up to 40 kHz;
neurons with characteristic frequency over 50 kHz are local-
ized in the UF (Fig. 1A). A subsequent study indicated that a
distinct UF region does not exist, with the AAF and AI having
the full range of frequency organization, processing sounds
from 4 kHz up to 64 kHz (Guo et al. 2012). The term “UF” has
thus been redefined as subparts within the AAF and AI that
process high-frequency sounds (Fig. 1B). Recently, however,
Issa et al. (2014) have reported elegantly that the AI is divided
into two rostral areas that process high-frequency tones, de-
spite only one caudal area being activated by low-frequency
tones. This leads to the generation of forked, dual-frequency
gradients inside of the AI (Issa et al. 2014). The larger dorsal
branch of the fork-shaped frequency gradients travels toward
the high-frequency area of the AI, referred to as the UF, as
reported by Guo et al. (2012), whereas the smaller ventral
division has an axis of the frequency organization toward the
AII (Fig. 1C) (Issa et al. 2014). This new map was obtained
using optical imaging. Moreover, they clearly revealed that the
direction of the frequency organization of the AAF was present
and is directed from the dorsorostral to ventrocaudal direction.
Their study used transgenic mice, in which the calcium-
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that two distinct areas of the AI, located ventrally and dorsally, are
activated by high-frequency tones, whereas only one area is activated
by low-frequency tones. Here, we show that the dorsal high-frequency
area is an independent region that is separated from the rest of the AI.
We could visualize the two distinct high-frequency areas using fla-
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knowledge of the AI in mice is essential. However, the delin-
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as maps obtained by electrophysiology have been amended in
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The classical mouse auditory cortex map was drawn using
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clear frequency gradients are placed at the center as the core
and are surrounded by the belt region, considered the higher-
order region, including the secondary auditory field (AII), the
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organized arrangements covering the frequencies up to 40 kHz;
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distinct UF region does not exist, with the AAF and AI having
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thus been redefined as subparts within the AAF and AI that
process high-frequency sounds (Fig. 1B). Recently, however,
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sensitive protein GCaMP3 was initially expressed uniformly,
offering much better spatial resolution regarding the auditory
cortical surface than that achieved by unit recording. Princi-
pally, however, previous anatomical studies reported that fre-
quency-organized maps in the AAF and AI reflect distinct
topological projections from frequency-organized maps in the
medial and lateral parts, respectively, of the ventral division of
the medial geniculate body (MGv; MGB) in mice as well
(Horie et al. 2013; Takemoto et al. 2014). Moreover, various
mammals have multiple frequency-organized regions with dis-
tinct, unique frequency direction (Higgins et al. 2010; Kalatsky
et al. 2005; Kanold et al. 2014); spectral, temporal, and spatial
sensitivities (Bizley et al. 2009; Imaizumi et al. 2004; Polley et
al. 2007); and thalamocortical projections (Lee et al. 2004;
Storace et al. 2010, 2012) without redundancy. The mouse AI,
therefore, would be exceptional if the fork-shaped frequency
gradients existed inside of a single region.

In this study, we tried to clarify whether the frequency
gradient inside of the AI proceeds in a straight line or shows a
forked shape. For this purpose, we used a combination of
flavoprotein autofluorescence imaging and anatomical tech-
niques. Flavoproteins are endogenous fluorescent proteins in
mitochondria, and fluorescence imaging of these proteins
has been used to map precisely the auditory cortex (Honma
et al. 2013; Horie et al. 2013; Kubota et al. 2008; Ohshima
et al. 2010; Takahashi et al. 2006), visual cortex (Ander-
mann et al. 2011; Tohmi et al. 2009, 2014; Yoshitake et al.
2013), somatosensory cortex (Komagata et al. 2011), and
insular cortex (Gogolla et al. 2014). With the use of this
technique, we reproduced the finding that the mouse AI is
divided into two areas in response to high-frequency tones

(Issa et al. 2014; Tsukano et al. 2013a). Additionally, we used
SMI-32 immunolabeling, which has been used to partition
various cortical regions (Boire et al. 2005; Budinger et al.
2000; Mellott et al. 2010; Ouda et al. 2012; Paxinos et al. 2009;
Rothschild et al. 2010; van der Gucht et al 2001; Wong and
Kaas 2009) to investigate the cytoarchitecture in the two AI
high-frequency areas. We found that the dorsal part of the AI
high-frequency area is a different region from the rest of the
AI, including the low-frequency area and the ventral high-
frequency area, and the posterior frequency-organized region,
which is referred to as the AI, is restricted to the low-frequency
area and the ventral high-frequency area that has been consid-
ered as a supplemental AI area in the study by Issa et al. (2014)
(Fig. 1D). Existence of multiple frequency organizations in the
mouse auditory cortex may unify the auditory cortical maps of
mice and other mammals.

METHODS

Animals. The Committee for Animal Care at Niigata University
approved the experimental protocols used in this study. We used 5- to
7-wk-old C57BL/6 mice (n � 197; Charles River Japan, Yokohama,
Japan), 7- to 9-wk-old Balb/c mice (n � 3; Charles River Japan), and
7- to 9-wk-old CBA/CaJ mice (n � 3; The Jackson Laboratory, Bar
Harbor, ME). The animals were housed in cages with ad libitum
access to food pellets and water and were kept on a 12-h light/dark
cycle. Male and female mice used in the experiments (see Fig. 14)
were 6-wk-old C57BL/6 mice, produced in our institute, and they
were not housed with mice of the opposite sex after weaning at 3 wk
old.

In vivo flavoprotein fluorescence imaging. In vivo flavoprotein
fluorescence imaging was performed, as described in our previous
studies (Takahashi et al. 2006; Tsukano et al. 2013b). Mice were
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deeply anesthetized with urethane (1.7 g/kg ip; Wako, Osaka, Japan),
and their rectal temperatures were maintained at 37°C. After local
anesthesia using bupivacaine, the skin and temporal muscle over the
right auditory cortex were incised. A piece of metal was attached to
the skull with dental resin, and the head was fixed by screwing the
metal piece onto a manipulator. The skull over the auditory cortex was
removed in mice used for some experiments (see Figs. 2B, 3, 4, 6, 8,
12, and 13) to compare response patterns of the auditory cortex or
further tracer-injection experiments. Transcranial imaging was per-
formed in the other experiments. The right auditory cortex was
observed unless otherwise noted. The exposed surface of the intact
skull was covered with liquid paraffin (Wako) to keep the skull
transparent in transcranial imaging. Cortical images (128 � 168 pixels
after binning) of endogenous green fluorescence (� � 500–550 nm) in
blue light (� � 470–490 nm) were recorded using a cooled charge-
coupled device (CCD) camera system (AQUACOSMOS with
ORCA-R2 camera; Hamamatsu Photonics, Hamamatsu, Japan). Im-
ages were taken at 9.7 Hz [54 Hz in some experiments (see Figs. 11
and 14, C–E)]. Images were averaged over 20 trials unless otherwise
noted. Spatial averaging of 5 � 5 pixels was applied. Images were
calculated as fluorescence change (�F)/baseline intensity (F0), where
�F � F � F0. The F0 was obtained by averaging the intensity values
during the prestimulus period (�500 ms). The response amplitude
was evaluated as �F/F0 in a circle window with a diameter of 20
pixels. When the frequency organization was evaluated (see Figs. 5
and 7), a circle window with a diameter of 15 pixels was chosen to
give the largest response amplitude, and the location of the center
pixel was considered to be the frequency-specific response peak.

In vivo two-photon calcium imaging. Calcium imaging was per-
formed using a two-photon microscope (TCS SP5 MP; Leica Micro-
systems, Wetzlar, Germany) with a hybrid detector (HyD; Leica
Microsystems) and a Ti-Sapphire mode-locked femto second laser
(Chameleon Vision; Coherent, Santa Clara, CA), as described in our
previous studies (Honma et al. 2013; Tohmi et al. 2014; Yoshitake et
al. 2013). Calcium-sensitive dye was prepared by dissolving Fura-2
AM (Invitrogen Life Technologies, Boston, MA) in 20% (w/v)
Pluronic F-127 in DMSO (Invitrogen Life Technologies) and diluted
with Ringer solution containing sulforhodamine 101 (SR-101; Invit-
rogen Life Technologies). After anesthetic induction with urethane
(1.9 g/kg ip), craniotomy, and localization using flavoprotein fluores-
cence imaging, a solution of calcium-sensitive dye was pressure
injected (5–20 kPa) for 5–10 min into layer II/III using glass pipettes
(tip diameter: 2–4 �m). Astrocytes were distinguished from neurons
using SR-101. After injection, the pipette was withdrawn, and the
craniotomy was covered with 2% agarose (1-B; Sigma-Aldrich, St.
Louis, MO) and a thin cover glass (thickness �0.15 mm; Matsunami,
Osaka, Japan), which was fixed to the skull with dental cement (Sun
Medical, Shiga, Japan). Excitation wavelength for Fura-2 was 800
nm, and that for SR-101 was 900–950 nm. Images (256 � 256 pixels)
were recorded at 3.7 Hz in a 260 � 260-�m region.

The data were realigned using AQUACOSMOS and MATLAB
software (MathWorks, Natick, MA). Data from five to six trials of the
same stimulation were averaged. Size-matched regions of interest
(ROIs) were chosen. Data were calculated as �F/F0, where �F � F0 �
F. The F0 was obtained by averaging the intensity values during the
prestimulus period (�3 s). The response of each neuron was defined
as the maximum value in poststimulus observation windows (�5 s).
Neurons were defined as responsive when the response peak was �4
SD above the baselines during the prestimulus period to minimize
errors by baseline fluctuations. The best frequency (BF) of a neuron
was defined as the frequency to which the neuron had the greatest
response. We examined the correlation between frequency and loca-
tion and computed a regression line. The direction of the frequency
organization was defined so as to make the correlation coefficient as
large as possible. Then, we examined the residuals as a measure of
deviation from the frequency organization. The bandwidth of tuning
curves was defined as the logarithmic ratio of minimum and maxi-

mum frequencies that resulted in a response �75% of the peak
amplitude.

Auditory stimuli. Tones were made by a computer using a custom-
written LabVIEW program (National Instruments, Austin, TX) at a
sampling rate of 500 kHz. Courtship songs of a male mouse, emitted
when he was placed with a familiar female mouse in estrous in the
same cage, were recorded using the recording software Avisoft-
RECORDER (Avisoft Bioacoustics, Glienicke, Germany) at a sam-
pling frequency of 250 kHz, with a microphone (CM16/CMPA;
Avisoft Bioacoustics) and a preamplifier (UltraSoundGate 116; Avi-
soft Bioacoustics). Sounds were low-pass filtered at 150 kHz (3624;
NF, Kanagawa, Japan). Pure tones at frequencies of 5–80 kHz were
amplitude modulated by 20 Hz sine wave. A speaker for 5–40 kHz
(SRS-3050A; Stax, Saitama, Japan) or 50–80 kHz (ES105A; Murata,
Kyoto, Japan) was set 10 cm in front of the mice. Sound intensity was
calibrated using the microphone (types 4135 and 2669; Brüel & Kjær,
Nærum, Denmark) and the sound level meter (type 2610; Brüel &
Kjær). The sound intensity was 60 dB sound pressure level (SPL) for
flavoprotein fluorescence imaging and 80 dB SPL for two-photon
imaging. The sound duration was 500 ms with a rise/fall time of 10
ms. The desired sound spectrum was determined using a digital
spectrum analyzer (R9211A; Advantest, Tokyo, Japan) or the custom-
written LabVIEW program. When the UF and DP (Stiebler et al.
1997) were activated specifically, frequency modulation (FM) direc-
tion-reversal stimulation (24 kHz/s) was used (Honma et al. 2013).
The sound intensity was set to 60 dB SPL, and the band frequency was
between 5 and 11 kHz.

Acoustic exposure. For acoustic exposure experiments (see Figs. 9
and 10), home cages were placed in the sound-shielded chamber and
exposed to a 5- or 35-kHz sound stimulus through a speaker (SRS-
3050A; Stax) placed above the cage. The exposure sound consisted of
an amplitude-modulated tone with a carrier frequency of 5 or 35 kHz
and modulation frequency of 20 Hz. Duration of the tones was 500
ms, and a rise/fall time was 10 ms. The sound intensity was adjusted
to 70 dB SPL at the floor of the cage. This tonal stimulus was repeated
at 1 Hz throughout the exposing periods (P7–P35). Mice of normal
groups were reared in the normal cages. Mice of quiet groups were
reared in the chamber but not exposed to any tones. Flavoprotein
fluorescence imaging was performed within 1 wk after exposure
was finished. When a circular window was put on the response of
the dorsomedial field (DM) to evaluate response amplitudes, a
window was put to make the response amplitude maximum, kept
�22 pixels apart dorsal to the AI response peak, according to the
data (see Fig. 2E).

Retrograde tracer experiments. To visualize neurons in the MGB
projecting to each cortical region, a neural tracer was injected into the
center of each region identified by flavoprotein fluorescence imaging
(Horie et al. 2013). A glass capillary (tip diameter 20–30 �m) filled
with tracer solution and a platinum wire was introduced into the center
of the subregion of the right auditory cortex to �500 �m below the
surface. Alexa Fluor 488- or 555-conjugated cholera toxin subunit B
(CTB; Molecular Probes, Eugene, OR) was used in injections (see
Fig. 13). Fluorescein and Texas Red (Molecular Probes) were used in
some animals, but the results were the same. Fluorescent CTB
solution (0.5% in phosphate buffer) was injected iontophoretically by
a 5-�A pulse current (5 s on; 5 s off) for 15 min. In some experiments
(see Figs. 8 and 12), biotinylated dextran amine (BDA; molecular
weight 3,000; Molecular Probes) was injected iontophoretically by a
5-�A pulse current (7 s on; 7 s off) for 15 min. Survival of 3 days for
fluorescent CTB or 7 days for BDA was ensured until perfusion. After
anesthetizing mice deeply with pentobarbital (1.0 g/kg ip), the brains
were dissected and immersed in 4% paraformaldehyde overnight, and
a consecutive series of 40-�m-thick coronal or horizontal sections
was cut using a sliding cryotome. To observe fluorescent tracers,
sections were mounted on glass slides and covered with Fluoromount
(Cosmo Bio, Tokyo, Japan).
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sensitive protein GCaMP3 was initially expressed uniformly,
offering much better spatial resolution regarding the auditory
cortical surface than that achieved by unit recording. Princi-
pally, however, previous anatomical studies reported that fre-
quency-organized maps in the AAF and AI reflect distinct
topological projections from frequency-organized maps in the
medial and lateral parts, respectively, of the ventral division of
the medial geniculate body (MGv; MGB) in mice as well
(Horie et al. 2013; Takemoto et al. 2014). Moreover, various
mammals have multiple frequency-organized regions with dis-
tinct, unique frequency direction (Higgins et al. 2010; Kalatsky
et al. 2005; Kanold et al. 2014); spectral, temporal, and spatial
sensitivities (Bizley et al. 2009; Imaizumi et al. 2004; Polley et
al. 2007); and thalamocortical projections (Lee et al. 2004;
Storace et al. 2010, 2012) without redundancy. The mouse AI,
therefore, would be exceptional if the fork-shaped frequency
gradients existed inside of a single region.

In this study, we tried to clarify whether the frequency
gradient inside of the AI proceeds in a straight line or shows a
forked shape. For this purpose, we used a combination of
flavoprotein autofluorescence imaging and anatomical tech-
niques. Flavoproteins are endogenous fluorescent proteins in
mitochondria, and fluorescence imaging of these proteins
has been used to map precisely the auditory cortex (Honma
et al. 2013; Horie et al. 2013; Kubota et al. 2008; Ohshima
et al. 2010; Takahashi et al. 2006), visual cortex (Ander-
mann et al. 2011; Tohmi et al. 2009, 2014; Yoshitake et al.
2013), somatosensory cortex (Komagata et al. 2011), and
insular cortex (Gogolla et al. 2014). With the use of this
technique, we reproduced the finding that the mouse AI is
divided into two areas in response to high-frequency tones

(Issa et al. 2014; Tsukano et al. 2013a). Additionally, we used
SMI-32 immunolabeling, which has been used to partition
various cortical regions (Boire et al. 2005; Budinger et al.
2000; Mellott et al. 2010; Ouda et al. 2012; Paxinos et al. 2009;
Rothschild et al. 2010; van der Gucht et al 2001; Wong and
Kaas 2009) to investigate the cytoarchitecture in the two AI
high-frequency areas. We found that the dorsal part of the AI
high-frequency area is a different region from the rest of the
AI, including the low-frequency area and the ventral high-
frequency area, and the posterior frequency-organized region,
which is referred to as the AI, is restricted to the low-frequency
area and the ventral high-frequency area that has been consid-
ered as a supplemental AI area in the study by Issa et al. (2014)
(Fig. 1D). Existence of multiple frequency organizations in the
mouse auditory cortex may unify the auditory cortical maps of
mice and other mammals.

METHODS

Animals. The Committee for Animal Care at Niigata University
approved the experimental protocols used in this study. We used 5- to
7-wk-old C57BL/6 mice (n � 197; Charles River Japan, Yokohama,
Japan), 7- to 9-wk-old Balb/c mice (n � 3; Charles River Japan), and
7- to 9-wk-old CBA/CaJ mice (n � 3; The Jackson Laboratory, Bar
Harbor, ME). The animals were housed in cages with ad libitum
access to food pellets and water and were kept on a 12-h light/dark
cycle. Male and female mice used in the experiments (see Fig. 14)
were 6-wk-old C57BL/6 mice, produced in our institute, and they
were not housed with mice of the opposite sex after weaning at 3 wk
old.

In vivo flavoprotein fluorescence imaging. In vivo flavoprotein
fluorescence imaging was performed, as described in our previous
studies (Takahashi et al. 2006; Tsukano et al. 2013b). Mice were
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Fig. 1. Schematic maps of the mouse auditory cortex in
previous studies and the present study. A: schematic map of
the auditory cortex in Stiebler et al. (1997). Frequency
gradients of the anterior auditory field (AAF) and primary
auditory cortex (AI) included neurons with characteristic
frequencies up to 40 kHz, and neurons with characteristic
frequencies higher than 50 kHz are located in the distinct
ultrasonic field (UF). B: map of the auditory cortex in Guo
et al. (2012). The AAF and AI had ultrasonic bands higher
than 50 kHz. The UF was interpreted to be high-frequency
subparts in the high-frequency area of the AAF and AI but
not a distinct region. A and B: these maps were drawn
according to the results obtained by unit recording. C: map
of the auditory cortex in Issa et al. (2014), showing 2
streams of frequency gradients inside of the AI. The major
gradient runs toward the dorsal part, including the UF area,
whereas the minor gradient runs toward the secondary
auditory field (AII). The direction of the frequency organi-
zation of the AAF is drawn along the ventrocaudal axis,
consistent with the data reported by Horie et al. (2013). D:
map of the auditory cortex reported in the present study.
Newly delineated, distinct region dorsomedial field (DM)
was isolated from the AI high-frequency area. The direction
of the frequency organization of the AI is the one traveling
toward AII. The direction of the frequency organization of
the AAF matches that reported in the previous studies
(Horie et al. 2013; Issa et al. 2014). The region that Stiebler
et al. (1997) defined as UF [referred to as dorsoanterior field
(DA)] responds to slow-frequency modulation (FM) com-
ponents, regardless of tonal frequency range. C and D: these
maps were drawn according to the results obtained by
optical imaging. DP, dorsoposterior field.
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deeply anesthetized with urethane (1.7 g/kg ip; Wako, Osaka, Japan),
and their rectal temperatures were maintained at 37°C. After local
anesthesia using bupivacaine, the skin and temporal muscle over the
right auditory cortex were incised. A piece of metal was attached to
the skull with dental resin, and the head was fixed by screwing the
metal piece onto a manipulator. The skull over the auditory cortex was
removed in mice used for some experiments (see Figs. 2B, 3, 4, 6, 8,
12, and 13) to compare response patterns of the auditory cortex or
further tracer-injection experiments. Transcranial imaging was per-
formed in the other experiments. The right auditory cortex was
observed unless otherwise noted. The exposed surface of the intact
skull was covered with liquid paraffin (Wako) to keep the skull
transparent in transcranial imaging. Cortical images (128 � 168 pixels
after binning) of endogenous green fluorescence (� � 500–550 nm) in
blue light (� � 470–490 nm) were recorded using a cooled charge-
coupled device (CCD) camera system (AQUACOSMOS with
ORCA-R2 camera; Hamamatsu Photonics, Hamamatsu, Japan). Im-
ages were taken at 9.7 Hz [54 Hz in some experiments (see Figs. 11
and 14, C–E)]. Images were averaged over 20 trials unless otherwise
noted. Spatial averaging of 5 � 5 pixels was applied. Images were
calculated as fluorescence change (�F)/baseline intensity (F0), where
�F � F � F0. The F0 was obtained by averaging the intensity values
during the prestimulus period (�500 ms). The response amplitude
was evaluated as �F/F0 in a circle window with a diameter of 20
pixels. When the frequency organization was evaluated (see Figs. 5
and 7), a circle window with a diameter of 15 pixels was chosen to
give the largest response amplitude, and the location of the center
pixel was considered to be the frequency-specific response peak.

In vivo two-photon calcium imaging. Calcium imaging was per-
formed using a two-photon microscope (TCS SP5 MP; Leica Micro-
systems, Wetzlar, Germany) with a hybrid detector (HyD; Leica
Microsystems) and a Ti-Sapphire mode-locked femto second laser
(Chameleon Vision; Coherent, Santa Clara, CA), as described in our
previous studies (Honma et al. 2013; Tohmi et al. 2014; Yoshitake et
al. 2013). Calcium-sensitive dye was prepared by dissolving Fura-2
AM (Invitrogen Life Technologies, Boston, MA) in 20% (w/v)
Pluronic F-127 in DMSO (Invitrogen Life Technologies) and diluted
with Ringer solution containing sulforhodamine 101 (SR-101; Invit-
rogen Life Technologies). After anesthetic induction with urethane
(1.9 g/kg ip), craniotomy, and localization using flavoprotein fluores-
cence imaging, a solution of calcium-sensitive dye was pressure
injected (5–20 kPa) for 5–10 min into layer II/III using glass pipettes
(tip diameter: 2–4 �m). Astrocytes were distinguished from neurons
using SR-101. After injection, the pipette was withdrawn, and the
craniotomy was covered with 2% agarose (1-B; Sigma-Aldrich, St.
Louis, MO) and a thin cover glass (thickness �0.15 mm; Matsunami,
Osaka, Japan), which was fixed to the skull with dental cement (Sun
Medical, Shiga, Japan). Excitation wavelength for Fura-2 was 800
nm, and that for SR-101 was 900–950 nm. Images (256 � 256 pixels)
were recorded at 3.7 Hz in a 260 � 260-�m region.

The data were realigned using AQUACOSMOS and MATLAB
software (MathWorks, Natick, MA). Data from five to six trials of the
same stimulation were averaged. Size-matched regions of interest
(ROIs) were chosen. Data were calculated as �F/F0, where �F � F0 �
F. The F0 was obtained by averaging the intensity values during the
prestimulus period (�3 s). The response of each neuron was defined
as the maximum value in poststimulus observation windows (�5 s).
Neurons were defined as responsive when the response peak was �4
SD above the baselines during the prestimulus period to minimize
errors by baseline fluctuations. The best frequency (BF) of a neuron
was defined as the frequency to which the neuron had the greatest
response. We examined the correlation between frequency and loca-
tion and computed a regression line. The direction of the frequency
organization was defined so as to make the correlation coefficient as
large as possible. Then, we examined the residuals as a measure of
deviation from the frequency organization. The bandwidth of tuning
curves was defined as the logarithmic ratio of minimum and maxi-

mum frequencies that resulted in a response �75% of the peak
amplitude.

Auditory stimuli. Tones were made by a computer using a custom-
written LabVIEW program (National Instruments, Austin, TX) at a
sampling rate of 500 kHz. Courtship songs of a male mouse, emitted
when he was placed with a familiar female mouse in estrous in the
same cage, were recorded using the recording software Avisoft-
RECORDER (Avisoft Bioacoustics, Glienicke, Germany) at a sam-
pling frequency of 250 kHz, with a microphone (CM16/CMPA;
Avisoft Bioacoustics) and a preamplifier (UltraSoundGate 116; Avi-
soft Bioacoustics). Sounds were low-pass filtered at 150 kHz (3624;
NF, Kanagawa, Japan). Pure tones at frequencies of 5–80 kHz were
amplitude modulated by 20 Hz sine wave. A speaker for 5–40 kHz
(SRS-3050A; Stax, Saitama, Japan) or 50–80 kHz (ES105A; Murata,
Kyoto, Japan) was set 10 cm in front of the mice. Sound intensity was
calibrated using the microphone (types 4135 and 2669; Brüel & Kjær,
Nærum, Denmark) and the sound level meter (type 2610; Brüel &
Kjær). The sound intensity was 60 dB sound pressure level (SPL) for
flavoprotein fluorescence imaging and 80 dB SPL for two-photon
imaging. The sound duration was 500 ms with a rise/fall time of 10
ms. The desired sound spectrum was determined using a digital
spectrum analyzer (R9211A; Advantest, Tokyo, Japan) or the custom-
written LabVIEW program. When the UF and DP (Stiebler et al.
1997) were activated specifically, frequency modulation (FM) direc-
tion-reversal stimulation (24 kHz/s) was used (Honma et al. 2013).
The sound intensity was set to 60 dB SPL, and the band frequency was
between 5 and 11 kHz.

Acoustic exposure. For acoustic exposure experiments (see Figs. 9
and 10), home cages were placed in the sound-shielded chamber and
exposed to a 5- or 35-kHz sound stimulus through a speaker (SRS-
3050A; Stax) placed above the cage. The exposure sound consisted of
an amplitude-modulated tone with a carrier frequency of 5 or 35 kHz
and modulation frequency of 20 Hz. Duration of the tones was 500
ms, and a rise/fall time was 10 ms. The sound intensity was adjusted
to 70 dB SPL at the floor of the cage. This tonal stimulus was repeated
at 1 Hz throughout the exposing periods (P7–P35). Mice of normal
groups were reared in the normal cages. Mice of quiet groups were
reared in the chamber but not exposed to any tones. Flavoprotein
fluorescence imaging was performed within 1 wk after exposure
was finished. When a circular window was put on the response of
the dorsomedial field (DM) to evaluate response amplitudes, a
window was put to make the response amplitude maximum, kept
�22 pixels apart dorsal to the AI response peak, according to the
data (see Fig. 2E).

Retrograde tracer experiments. To visualize neurons in the MGB
projecting to each cortical region, a neural tracer was injected into the
center of each region identified by flavoprotein fluorescence imaging
(Horie et al. 2013). A glass capillary (tip diameter 20–30 �m) filled
with tracer solution and a platinum wire was introduced into the center
of the subregion of the right auditory cortex to �500 �m below the
surface. Alexa Fluor 488- or 555-conjugated cholera toxin subunit B
(CTB; Molecular Probes, Eugene, OR) was used in injections (see
Fig. 13). Fluorescein and Texas Red (Molecular Probes) were used in
some animals, but the results were the same. Fluorescent CTB
solution (0.5% in phosphate buffer) was injected iontophoretically by
a 5-�A pulse current (5 s on; 5 s off) for 15 min. In some experiments
(see Figs. 8 and 12), biotinylated dextran amine (BDA; molecular
weight 3,000; Molecular Probes) was injected iontophoretically by a
5-�A pulse current (7 s on; 7 s off) for 15 min. Survival of 3 days for
fluorescent CTB or 7 days for BDA was ensured until perfusion. After
anesthetizing mice deeply with pentobarbital (1.0 g/kg ip), the brains
were dissected and immersed in 4% paraformaldehyde overnight, and
a consecutive series of 40-�m-thick coronal or horizontal sections
was cut using a sliding cryotome. To observe fluorescent tracers,
sections were mounted on glass slides and covered with Fluoromount
(Cosmo Bio, Tokyo, Japan).
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To visualize BDA, sections were rinsed initially in 20 mM PBS and
incubated in PBS containing 3% hydrogen peroxide and 0.1% Triton
X-100 for 15 min at room temperature. After rinsing in 20 mM PBS
containing 0.1% Triton X-100 (PBST), the sections were incubated
for 40 min in 20 mM PBST containing avidin-biotin peroxidase
complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA).
Sections were rinsed in 20 mM PBS, and BDA was visualized in a
solution comprising 0.05% diaminobenzidine tetrahydrochloride and
0.003% hydrogen peroxide in 50 mM Tris-HCl buffer (pH 7.4) for 20
min. All sections were finally, thoroughly rinsed in 50 mM Tris-HCl
buffer and mounted onto gelatin-coated slides. Adjacent sections were
counterstained using 0.1% cresyl violet (Chroma Gesellschaft, Kon-
gen, Germany). After the mounted sections had dried, they were
dehydrated in a graded ethanol series, cleared in xylene, and cover-
slipped using the covering reagent Bioleit (Okenshoji, Tokyo, Japan).

The borders of the MGB subdivisions were delineated, according to
the SMI-32 immunolabeling pattern (Honma et al. 2013; Horie et al.
2013; LeDoux et al. 1985, 1987) and an atlas (Paxinos 2003; Paxinos
and Franklin 2001; Paxinos et al. 2009). The immunohistochemistry
of SMI-32 reacts with a nonphosphorylated epitope in neurofilament
M and H (NNF). Sections were rinsed and incubated in PBST
containing 3% hydrogen peroxide, as described for BDA visualiza-
tion. After rinsing in 20 mM PBS, the sections were incubated
overnight at room temperature with the monoclonal antibody (MAb)
SMI-32 (1:2,000; Covance Research Products, Berkeley, CA) (Stern-
berger and Sternberger 1983), diluted with 20 mM PBS containing
0.5% skim milk. Sections were then incubated in anti-mouse IgG
(1:100; MBL, Nagoya, Japan) at room temperature for 2 h. The
sections were rinsed in 20 mM PBS, and the immunoreactions were
visualized in a Tris-HCl buffer containing 0.05% diaminobenzidine
tetrahydrochloride and 0.003% hydrogen peroxide for 5 min at room
temperature. After visualization, the sections were coverslipped. All
sections were observed under the light microscope (Eclipse Ni; Nikon,
Tokyo, Japan) and a CCD camera (DS-Fi2; Nikon). The drawings and
images were prepared using CorelDRAW (E Frontier, Tokyo, Japan),
Illustrator (Adobe Systems, San Jose, CA), and Photoshop (Adobe
Systems) software.

AAV injection to investigate interhemispheric connectivity. To
confirm that the corresponding subareas have interhemispheric con-
nections with each other via the corpus callosum, adeno-associated
virus (AAV) vector for GCaMP3 expression (Penn Vector Core,
Philadelphia, PA) was injected into an area of the right AI after
functional identification, which stains the axonal branches reaching
the contralateral auditory cortex (see Fig. 3). A glass capillary (tip
diameter: 20–30 �m) filled with AAV solution (500 �L) was intro-
duced to a depth of 500 �m from the surface and slowly pressure
injected for 30 min by a custom-made pump. After injection, the hole
in the skull was covered with 2% agarose (1-B; Sigma-Aldrich), and
the skin was sutured. Mice were recovered from anesthesia in their
home cages. Two weeks after the injection, the left auditory cortex
was observed using an epifluorescence microscope [excitation (Ex),
470–490 nm; emission (Em), 500–550 nm] and a two-photon micro-
scope (Ex, 900 nm; Em, 500–550 nm).

Statistics. The Mann-Whitney U-test or Wilcoxon signed-rank test
was used to evaluate differences between unpaired or paired data from
two groups, respectively. When data from three groups were com-
pared, Tukey-Kramer test was used as a post hoc test after ANOVA.
The correlation coefficients and the P values were calculated using
Spearman rank correlation test. When the difference between two
slopes was evaluated, the slope test was performed. The �2 test was
used to evaluate the difference between two percentages. These
tests were performed using SPSS (IBM, Tokyo, Japan) or MAT-
LAB software. All of the data in the text and graphs are presented
as means � SE.

RESULTS

Finding the new, distinct region identified from the AI. Prior
imaging studies have identified distinct auditory cortical re-
gions based on response magnitudes to tones and the topo-
graphic organization of tone-frequency responses (cochleo-
topy) (Harel et al. 2000; Horie et al. 2013; Kubota et al. 2008;
Sawatari et al. 2011; Takahashi et al. 2006). In this study, we
try to confirm frequency organizations by demonstrating dis-
tinct response magnitude peaks and mirror-reversed frequency
organization in the AAF and AI using flavoprotein fluores-
cence imaging. In addition, we try to observe flavoprotein
fluorescence responses precisely within a cortical region, typ-
ically defined as the AI in mice, according to the Paxinos
anatomic atlas (Paxinos and Franklin 2001). First, we observed
neural responses in the right auditory cortex of C57BL/6 mice
in a 5- to 70-kHz range after craniotomy (Fig. 2A). The
frequency-organized map of the AI was arranged in a caudal-
rostral direction. Although only one area was activated in
response to a 5-kHz tone, the AI responses to a 40-kHz tone
were observed in two different areas, which were dorsoven-
trally separated from each other, as reported previously (Fig.
2B) (Issa et al. 2014; Tsukano et al. 2013a). We also confirmed
that the AI high-frequency area showed two different response
peaks when stimulated by high-frequency tones using trans-
cranial flavoprotein fluorescence imaging (Fig. 2C). Signifi-
cantly separated double peaks in �F/F0 were found by posi-
tioning serial ROIs across both dorsal and ventral AI high-
frequency areas (Fig. 2E; P � 0.01 between ROI 6 vs. 11; P �
0.05 between ROI 11 vs. 20). These data confirmed the
presence of apparently separated AI high-frequency areas in
mice. The regions overlapped to the places where Stiebler et al.
(1997) drew the UF and DP in their auditory cortical map,
hereby referred to as Stiebler’s UF and DP in this report, were
confirmed by several studies (Honma et al. 2013; Joachimstha-
ler et al. 2014; Stiebler et al. 1997), and both areas are known
to be activated by directional changes of slow FM sounds
(Honma et al. 2013; Tsukano et al. 2013b). Moreover, cortical
responses to ultrasonic sounds are not specific enough to divide
the broad area into specific subareas. Therefore, we verified
whether the dorsal high-frequency area of the AI overlaps
Stiebler’s UF or DP using FM directional changes. The dorsal
area of the AI mapped between Stiebler’s UF and DP (Fig.
2D). To evaluate these data quantitatively, we positioned ROIs
across Stiebler’s UF and DP, and the same ROIs were placed
onto the image of the responses to a 35-kHz tone obtained from
the same mouse (Fig. 2F). The response peaks of the dorsal
area of the AI did not overlap Stiebler’s UF or DP (Fig. 2F;
P � 0.05 at ROI 9; P � 0.05 at ROI 21; P � 0.05 at ROI 31).
The observation that the AI was divided into two areas in the
response to high-frequency tones was also made in the left
auditory cortex (data not shown). We visualized the auditory
cortex in CBA/CaJ and Balb/c mice as well. The structures of
responses of the AAF, AI, and AII were the same among three
strains, and the AI was divided into two areas in response to
high-frequency tones (data not shown). These results, along
with prior studies, suggest that intrinsic response peaks identify
functionally distinct regions in the auditory cortex (Kalatsky et
al. 2005).

It remains unclear how auditory cortical regions, defined
according to sound-response magnitudes, align with traditional
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Fig. 2. Two distinct responses to high-frequency tones in the AI. A: schematic drawing of the mouse auditory cortex. Auditory cortex (AC); cerebellum (Cb);
medial cerebral artery (MCA); olfactory bulb (OB); rhinal fissure (rf); somatosensory cortex (SC); visual cortex (VC). B: neural responses to a 5- or 40-kHz tone
obtained by flavoprotein fluorescence imaging in a mouse with craniotomy. The AI in response to a 40-kHz tone area was divided into 2 parts. Three images
were obtained from the same mouse. Scale bar, 1 mm. C: neural responses to 5–70 kHz tones revealed by transcranial flavoprotein fluorescence imaging. The
caudal AI low-frequency area was clearly activated. When 20–70 kHz tones were presented, the AI high-frequency area was divided into 2 parts: the dorsal part
(a) and the ventral part (b), indicated by white arrows. Four images were obtained from the same mouse. D: positional relationship between the dorsal part of
the AI high-frequency area and Stiebler’s UF and DP. Stiebler’s UF and DP were activated by slow FM directional changes (Honma et al. 2013). Three images
were obtained from the same mouse. E: quantitative analysis of response slopes by a 35-kHz tone. Regions of interest (ROIs) were placed across the 2 highest
peaks in the AI high-frequency areas, and the significant double peaks in fluorescence change (�F)/baseline intensity (F0) were drawn (*P � 0.05; **P � 0.01;
Wilcoxon signed-rank test, 10 mice). Each value was normalized as percent of the peak value at ROI 6, which was put on the response peak of the dorsal AI
high-frequency area and used as a landmark to register across individuals. Sites a and b are equivalent to those shown in C. F: quantitative analysis of response
slopes on the response in the experiment shown in D. ROIs were placed across the peaks in Stiebler’s UF and DP, and the same ROIs were placed onto the image
of the responses to a 35-kHz tone obtained from the same mouse (inset). The red line was obtained from the response to a 35-kHz tone, and the blue line was
obtained from the response to FM directional changes in the same mouse. The response peak derived from the dorsal AI high-frequency area was placed in the
middle of Stiebler’s UF and DP (*P � 0.05; Wilcoxon signed-rank test, 6 mice). Each value was normalized as percent of the peak value at ROI 30, which was
put on the response peak of Stiebler’s UF and used as a landmark to register across individuals. Transcranial imaging was performed in experiments C–F.
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To visualize BDA, sections were rinsed initially in 20 mM PBS and
incubated in PBS containing 3% hydrogen peroxide and 0.1% Triton
X-100 for 15 min at room temperature. After rinsing in 20 mM PBS
containing 0.1% Triton X-100 (PBST), the sections were incubated
for 40 min in 20 mM PBST containing avidin-biotin peroxidase
complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA).
Sections were rinsed in 20 mM PBS, and BDA was visualized in a
solution comprising 0.05% diaminobenzidine tetrahydrochloride and
0.003% hydrogen peroxide in 50 mM Tris-HCl buffer (pH 7.4) for 20
min. All sections were finally, thoroughly rinsed in 50 mM Tris-HCl
buffer and mounted onto gelatin-coated slides. Adjacent sections were
counterstained using 0.1% cresyl violet (Chroma Gesellschaft, Kon-
gen, Germany). After the mounted sections had dried, they were
dehydrated in a graded ethanol series, cleared in xylene, and cover-
slipped using the covering reagent Bioleit (Okenshoji, Tokyo, Japan).

The borders of the MGB subdivisions were delineated, according to
the SMI-32 immunolabeling pattern (Honma et al. 2013; Horie et al.
2013; LeDoux et al. 1985, 1987) and an atlas (Paxinos 2003; Paxinos
and Franklin 2001; Paxinos et al. 2009). The immunohistochemistry
of SMI-32 reacts with a nonphosphorylated epitope in neurofilament
M and H (NNF). Sections were rinsed and incubated in PBST
containing 3% hydrogen peroxide, as described for BDA visualiza-
tion. After rinsing in 20 mM PBS, the sections were incubated
overnight at room temperature with the monoclonal antibody (MAb)
SMI-32 (1:2,000; Covance Research Products, Berkeley, CA) (Stern-
berger and Sternberger 1983), diluted with 20 mM PBS containing
0.5% skim milk. Sections were then incubated in anti-mouse IgG
(1:100; MBL, Nagoya, Japan) at room temperature for 2 h. The
sections were rinsed in 20 mM PBS, and the immunoreactions were
visualized in a Tris-HCl buffer containing 0.05% diaminobenzidine
tetrahydrochloride and 0.003% hydrogen peroxide for 5 min at room
temperature. After visualization, the sections were coverslipped. All
sections were observed under the light microscope (Eclipse Ni; Nikon,
Tokyo, Japan) and a CCD camera (DS-Fi2; Nikon). The drawings and
images were prepared using CorelDRAW (E Frontier, Tokyo, Japan),
Illustrator (Adobe Systems, San Jose, CA), and Photoshop (Adobe
Systems) software.

AAV injection to investigate interhemispheric connectivity. To
confirm that the corresponding subareas have interhemispheric con-
nections with each other via the corpus callosum, adeno-associated
virus (AAV) vector for GCaMP3 expression (Penn Vector Core,
Philadelphia, PA) was injected into an area of the right AI after
functional identification, which stains the axonal branches reaching
the contralateral auditory cortex (see Fig. 3). A glass capillary (tip
diameter: 20–30 �m) filled with AAV solution (500 �L) was intro-
duced to a depth of 500 �m from the surface and slowly pressure
injected for 30 min by a custom-made pump. After injection, the hole
in the skull was covered with 2% agarose (1-B; Sigma-Aldrich), and
the skin was sutured. Mice were recovered from anesthesia in their
home cages. Two weeks after the injection, the left auditory cortex
was observed using an epifluorescence microscope [excitation (Ex),
470–490 nm; emission (Em), 500–550 nm] and a two-photon micro-
scope (Ex, 900 nm; Em, 500–550 nm).

Statistics. The Mann-Whitney U-test or Wilcoxon signed-rank test
was used to evaluate differences between unpaired or paired data from
two groups, respectively. When data from three groups were com-
pared, Tukey-Kramer test was used as a post hoc test after ANOVA.
The correlation coefficients and the P values were calculated using
Spearman rank correlation test. When the difference between two
slopes was evaluated, the slope test was performed. The �2 test was
used to evaluate the difference between two percentages. These
tests were performed using SPSS (IBM, Tokyo, Japan) or MAT-
LAB software. All of the data in the text and graphs are presented
as means � SE.

RESULTS

Finding the new, distinct region identified from the AI. Prior
imaging studies have identified distinct auditory cortical re-
gions based on response magnitudes to tones and the topo-
graphic organization of tone-frequency responses (cochleo-
topy) (Harel et al. 2000; Horie et al. 2013; Kubota et al. 2008;
Sawatari et al. 2011; Takahashi et al. 2006). In this study, we
try to confirm frequency organizations by demonstrating dis-
tinct response magnitude peaks and mirror-reversed frequency
organization in the AAF and AI using flavoprotein fluores-
cence imaging. In addition, we try to observe flavoprotein
fluorescence responses precisely within a cortical region, typ-
ically defined as the AI in mice, according to the Paxinos
anatomic atlas (Paxinos and Franklin 2001). First, we observed
neural responses in the right auditory cortex of C57BL/6 mice
in a 5- to 70-kHz range after craniotomy (Fig. 2A). The
frequency-organized map of the AI was arranged in a caudal-
rostral direction. Although only one area was activated in
response to a 5-kHz tone, the AI responses to a 40-kHz tone
were observed in two different areas, which were dorsoven-
trally separated from each other, as reported previously (Fig.
2B) (Issa et al. 2014; Tsukano et al. 2013a). We also confirmed
that the AI high-frequency area showed two different response
peaks when stimulated by high-frequency tones using trans-
cranial flavoprotein fluorescence imaging (Fig. 2C). Signifi-
cantly separated double peaks in �F/F0 were found by posi-
tioning serial ROIs across both dorsal and ventral AI high-
frequency areas (Fig. 2E; P � 0.01 between ROI 6 vs. 11; P �
0.05 between ROI 11 vs. 20). These data confirmed the
presence of apparently separated AI high-frequency areas in
mice. The regions overlapped to the places where Stiebler et al.
(1997) drew the UF and DP in their auditory cortical map,
hereby referred to as Stiebler’s UF and DP in this report, were
confirmed by several studies (Honma et al. 2013; Joachimstha-
ler et al. 2014; Stiebler et al. 1997), and both areas are known
to be activated by directional changes of slow FM sounds
(Honma et al. 2013; Tsukano et al. 2013b). Moreover, cortical
responses to ultrasonic sounds are not specific enough to divide
the broad area into specific subareas. Therefore, we verified
whether the dorsal high-frequency area of the AI overlaps
Stiebler’s UF or DP using FM directional changes. The dorsal
area of the AI mapped between Stiebler’s UF and DP (Fig.
2D). To evaluate these data quantitatively, we positioned ROIs
across Stiebler’s UF and DP, and the same ROIs were placed
onto the image of the responses to a 35-kHz tone obtained from
the same mouse (Fig. 2F). The response peaks of the dorsal
area of the AI did not overlap Stiebler’s UF or DP (Fig. 2F;
P � 0.05 at ROI 9; P � 0.05 at ROI 21; P � 0.05 at ROI 31).
The observation that the AI was divided into two areas in the
response to high-frequency tones was also made in the left
auditory cortex (data not shown). We visualized the auditory
cortex in CBA/CaJ and Balb/c mice as well. The structures of
responses of the AAF, AI, and AII were the same among three
strains, and the AI was divided into two areas in response to
high-frequency tones (data not shown). These results, along
with prior studies, suggest that intrinsic response peaks identify
functionally distinct regions in the auditory cortex (Kalatsky et
al. 2005).

It remains unclear how auditory cortical regions, defined
according to sound-response magnitudes, align with traditional
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Fig. 2. Two distinct responses to high-frequency tones in the AI. A: schematic drawing of the mouse auditory cortex. Auditory cortex (AC); cerebellum (Cb);
medial cerebral artery (MCA); olfactory bulb (OB); rhinal fissure (rf); somatosensory cortex (SC); visual cortex (VC). B: neural responses to a 5- or 40-kHz tone
obtained by flavoprotein fluorescence imaging in a mouse with craniotomy. The AI in response to a 40-kHz tone area was divided into 2 parts. Three images
were obtained from the same mouse. Scale bar, 1 mm. C: neural responses to 5–70 kHz tones revealed by transcranial flavoprotein fluorescence imaging. The
caudal AI low-frequency area was clearly activated. When 20–70 kHz tones were presented, the AI high-frequency area was divided into 2 parts: the dorsal part
(a) and the ventral part (b), indicated by white arrows. Four images were obtained from the same mouse. D: positional relationship between the dorsal part of
the AI high-frequency area and Stiebler’s UF and DP. Stiebler’s UF and DP were activated by slow FM directional changes (Honma et al. 2013). Three images
were obtained from the same mouse. E: quantitative analysis of response slopes by a 35-kHz tone. Regions of interest (ROIs) were placed across the 2 highest
peaks in the AI high-frequency areas, and the significant double peaks in fluorescence change (�F)/baseline intensity (F0) were drawn (*P � 0.05; **P � 0.01;
Wilcoxon signed-rank test, 10 mice). Each value was normalized as percent of the peak value at ROI 6, which was put on the response peak of the dorsal AI
high-frequency area and used as a landmark to register across individuals. Sites a and b are equivalent to those shown in C. F: quantitative analysis of response
slopes on the response in the experiment shown in D. ROIs were placed across the peaks in Stiebler’s UF and DP, and the same ROIs were placed onto the image
of the responses to a 35-kHz tone obtained from the same mouse (inset). The red line was obtained from the response to a 35-kHz tone, and the blue line was
obtained from the response to FM directional changes in the same mouse. The response peak derived from the dorsal AI high-frequency area was placed in the
middle of Stiebler’s UF and DP (*P � 0.05; Wilcoxon signed-rank test, 6 mice). Each value was normalized as percent of the peak value at ROI 30, which was
put on the response peak of Stiebler’s UF and used as a landmark to register across individuals. Transcranial imaging was performed in experiments C–F.
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cytoarchitectonic partitions. To address this problem, we in-
vestigated the cytoarchitectural pattern of the AI low-fre-
quency area, the ventral AI high-frequency area, and the dorsal
AI high-frequency area (see Fig. 4A) after identifying the
regions by flavoprotein optical imaging. We characterized
these areas histologically by immunolabeling NNF using MAb
SMI-32, which is widely used to partition and identify various
cortical and brain regions, including the auditory cortex
(Budinger et al. 2000; Mellott et al. 2010; Ouda et al. 2012;
Rothschild et al. 2010), MGB (Honma et al. 2013; Horie et al.
2013; Paxinos et al. 2009), visual cortex (Boire et al. 2005; van
der Gucht et al 2001; Wong and Kaas 2009), and other regions.
To perform this analysis, it is necessary to determine the low-
and high-frequency areas of the AI on slice sections. However,
mouse monoclonal SMI-32 immunolabeling using mouse IgG
as a secondary antibody gave high-background staining after
marking the identified area with injection of fluorescent beads,
dye, or ink. Therefore, we injected BDA into an identified area
of the AI in the right hemisphere in vivo and then observed
NNF cytoarchitecture in the left AI on slice sections guided by
axonal branches stained with BDA projecting from neurons in
the right AI. It is widely known that the corresponding areas
have interhemispheric projections via the corpus callosum in
mammalian brains (Budinger et al. 2000; Oviedo et al. 2010;
Rouiller et al. 1991; Xiong et al. 2012), as shown in the schema
of Fig. 3A. We confirmed this fact in the present study as well
(Fig. 3). After we identified the precise location of the subre-
gions in the right auditory cortex using flavoprotein fluores-
cence imaging, we injected AAV-GCaMP3 solution into the
AI 5-kHz area (Fig. 3, B–D). This technique visualizes the
axon terminals originating from the injected subarea in vivo
(Glickfeld et al. 2013; Oh et al. 2014). Two weeks after
injection of AAV-GCaMP3 into the AI 5-kHz area in the right
hemisphere, the fluorescent axon terminals were observed in
the contralateral left AI 5-kHz area (Fig. 3E). GCaMP3-
positive axon terminals were visualized using a two-photon
microscopy in the place where an intense signal was observed
in Fig. 3E (Fig. 3F), whereas no GCaMP3-positive terminals
were observed outside of the AI (Fig. 3G). The large calcium
responses to a 5-kHz tone derived from GCaMP3-positive
terminals were observed in the left AI 5-kHz area (Fig. 3H),
and the responses of the AAF and AII were close to those
observed in a naïve mouse (Fig. 3D). These data confirm that
it is possible to observe the NNF pattern of the identified area
in the contralateral auditory cortex on slice sections, guided by
axon terminals, stained by BDA injected into the right auditory
cortex.

The NNF immunolabeling pattern appeared much denser in
the dorsal part than in the ventral part of the AI high-frequency
area or the AI low-frequency area, whereas the weak NNF
immunolabeling pattern appeared in the latter two areas (Fig. 4B).
Moreover, the dorsal part of the AI high-frequency area ap-
peared to have the particular laminar pattern of immunolabel-
ing. To analyze quantitatively the difference in NNF immuno-
labeling patterns, we first counted the number of NNF-positive
neurons in each area. However, labeled neurons were not
significantly different in number among the three areas (Fig.
4C). NNF immunolabeling clearly distinguished pyramidal
from nonpyramidal neurons, the two most common neuron
types. Pyramidal neurons had NNF-positive apical dendrites,
reaching the superficial layer, and a densely labeled large soma

(Fig. 4D). Conversely, nonpyramidal neurons had few NNF-
positive apical and basal dendrites, and their soma was labeled
weakly. Therefore, the difference in the ratios of NNF-positive
pyramidal neurons to nonpyramidal neurons could account for
the apparent density difference with the NNF immunolabeling
patterns. In layers II, III, and IV, the ratio of NNF-positive
pyramidal/nonpyramidal neurons did not differ noticeably, and
nonpyramidal neurons were dominant in all three areas (Fig.
4E). However, the deeper layers V and VI in the dorsal AI
high-frequency area were almost fully occupied by NNF-
positive pyramidal neurons. The ratio of NNF-positive pyra-
midal/nonpyramidal neurons was significantly higher than that
observed in the other two areas [Fig. 4F; P � 0.05 (area a vs.
c); P � 0.05 (area b vs. c)] when compared in layers V, VI, and
II–VI, whereas there was no significant difference between
areas a and b in any layer. Thus the presence of numerous
NNF-positive pyramidal neurons in the deeper layers could
explain the dense NNF immunolabeling pattern in the dorsal
AI high-frequency area, since these neurons have thick NNF-
positive basal dendrites and apical dendrites that reach super-
ficial layers. These data (Figs. 2 and 4) strongly suggest that the
dorsal AI high-frequency area, located between Stiebler’s UF
and DP, is likely a newly defined region with a different
cytoarchitectural pattern. We tentatively refer to this new area
as the DM (Fig. 1D).

Frequency organizations of the AI and DM. We next re-
evaluated the precise frequency organizations of the auditory
cortex based on the finding that the dorsal AI high-frequency
area is a newly defined region. We investigated frequency
gradients by plotting the response peaks using flavoprotein
fluorescence imaging described in our previous study (Fig. 5)
(Honma et al. 2013). The posterior frequency-organized region
labeled as the “AI,” has a low-to-high (5–80 kHz) tone-
frequency response axis directed from the dorsocaudal to the
ventrorostral temporal cortex (Fig. 5, A and B). The frequency
gradient of the AI ran in a mild clockwise direction. The
corresponding frequency gradient for the newly identified DM
was directed from ventrocaudal to dorsorostral anatomic axis
(Fig. 5, A and C). Similar maps were obtained using other
sound-intensity levels (for example, at 40 dB SPL; data not
shown). The slopes of the AI and DM frequency gradients
were not significantly different (P � 0.9) using comparison of
regression coefficients. Both the AI and DM have high-fre-
quency bands inside of their frequency gradients. The ratios of
the response amplitudes of the DM and AI were plotted against
the stimulus frequency to investigate whether the response
property was similar in these two regions (Fig. 5, D and E).
Although the AI is responsive to ultrasonic sounds, the DM is
more responsive to ultrasonic sounds over 40 kHz than is the
AI (Fig. 5E). These data suggest that the DM and AI have
distinct frequency gradient directions for tone-response topog-
raphies and that the DM responds more vigorously to high-
frequency sounds than the AI.

Differences in robustness of frequency gradients between
regions have been confirmed using two-photon imaging (Issa et
al. 2014). We have shown that the DM and AI have a robust,
frequency-organized structure using flavoprotein fluorescence
imaging. To evaluate the extent of heterogeneity in the fre-
quency organization at the high-resolution scale, we performed
in vivo two-photon imaging to determine the properties of
neurons in the supragranular layers in the AI and DM (Fig. 6),
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since the regional characteristic obtained by low-resolution
imaging reflects an ensemble of the single neuronal properties
in layers II/III (Andermann et al. 2011; Marshel et al. 2011;
Tohmi et al. 2014). After identifying the precise location of the
AI or DM using flavoprotein fluorescence imaging (Fig. 6A),
we injected Fura-2 solution to observe the calcium responses in
each neuron (Fig. 6B). The frequency at which the response
amplitude reached the maximum in a given neuron was defined
as the BF (Fig. 6C). Although the overall frequency gradients
in the DM and AI had the same directions as those defined
using flavoprotein fluorescence imaging, the frequency gradi-
ent in the DM neurons was less variable than that in the AI
(Fig. 6, D and E). The degree of the frequency organization of

the microscopic structures was evaluated using residuals be-
tween each neuron and the regression line. The value of
residuals was greater in the AI than in the DM (Fig. 6F; P �
0.001), implying that neuronal responses in layers II/III of the
AI were more complex than those in the DM.

The DM was less sensitive to low-frequency tones than the
AI in flavoprotein fluorescence imaging (Fig. 5E). This was
explained by the neuronal distribution revealed by two-photon
imaging; there were few neurons in the DM with BF �20 kHz
(Fig. 6, G and H). In contrast, the bandwidth of the neurons in
the DM and AI was similar (Fig. 6I). A tendency that band-
width values obtained in two-photon studies, including this
study, are smaller than those in electrophysiological study
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showing that a neuron in the subarea in the
auditory cortex projects to the equivalent
contralateral subarea. B–D: injection site of
adeno-associated virus (AAV)-GCaMP3 in
the right auditory cortex. The areal borders
were drawn according to the flavoprotein
fluorescence response to a 5-kHz tone (C). C
and D: the images shown are the same except
for the color range. �, injection site. E:
GCaMP3-positive axon terminals in the AI
5-kHz area in the left auditory cortex ob-
served using a stereoscopic microscope. The
top 10% pixels in intensity are colored green.
F: GCaMP3-positive axon terminals visual-
ized using a 2-photon microscopy in the
place where an intense signal was observed
in E. G: no GCaMP3-positive terminals
found outside of the AI 5-kHz area. H: the
large calcium responses to a 5-kHz tone
derived from GCaMP3-positive terminals in
the left AI. This response was obtained using
an epifluorescent microscope under the same
experimental condition as that to perform usual
flavoprotein fluorescence imaging. Only the AI
showed a much larger response in H due to
GCaMP-stained terminals. Flavoprotein fluo-
rescence responses, which were small com-
pared with GCaMP signals, were observed in
the 5-kHz area in the AAF and AII. Scale bars,
1 mm (B); 10 �m (F and G).
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cytoarchitectonic partitions. To address this problem, we in-
vestigated the cytoarchitectural pattern of the AI low-fre-
quency area, the ventral AI high-frequency area, and the dorsal
AI high-frequency area (see Fig. 4A) after identifying the
regions by flavoprotein optical imaging. We characterized
these areas histologically by immunolabeling NNF using MAb
SMI-32, which is widely used to partition and identify various
cortical and brain regions, including the auditory cortex
(Budinger et al. 2000; Mellott et al. 2010; Ouda et al. 2012;
Rothschild et al. 2010), MGB (Honma et al. 2013; Horie et al.
2013; Paxinos et al. 2009), visual cortex (Boire et al. 2005; van
der Gucht et al 2001; Wong and Kaas 2009), and other regions.
To perform this analysis, it is necessary to determine the low-
and high-frequency areas of the AI on slice sections. However,
mouse monoclonal SMI-32 immunolabeling using mouse IgG
as a secondary antibody gave high-background staining after
marking the identified area with injection of fluorescent beads,
dye, or ink. Therefore, we injected BDA into an identified area
of the AI in the right hemisphere in vivo and then observed
NNF cytoarchitecture in the left AI on slice sections guided by
axonal branches stained with BDA projecting from neurons in
the right AI. It is widely known that the corresponding areas
have interhemispheric projections via the corpus callosum in
mammalian brains (Budinger et al. 2000; Oviedo et al. 2010;
Rouiller et al. 1991; Xiong et al. 2012), as shown in the schema
of Fig. 3A. We confirmed this fact in the present study as well
(Fig. 3). After we identified the precise location of the subre-
gions in the right auditory cortex using flavoprotein fluores-
cence imaging, we injected AAV-GCaMP3 solution into the
AI 5-kHz area (Fig. 3, B–D). This technique visualizes the
axon terminals originating from the injected subarea in vivo
(Glickfeld et al. 2013; Oh et al. 2014). Two weeks after
injection of AAV-GCaMP3 into the AI 5-kHz area in the right
hemisphere, the fluorescent axon terminals were observed in
the contralateral left AI 5-kHz area (Fig. 3E). GCaMP3-
positive axon terminals were visualized using a two-photon
microscopy in the place where an intense signal was observed
in Fig. 3E (Fig. 3F), whereas no GCaMP3-positive terminals
were observed outside of the AI (Fig. 3G). The large calcium
responses to a 5-kHz tone derived from GCaMP3-positive
terminals were observed in the left AI 5-kHz area (Fig. 3H),
and the responses of the AAF and AII were close to those
observed in a naïve mouse (Fig. 3D). These data confirm that
it is possible to observe the NNF pattern of the identified area
in the contralateral auditory cortex on slice sections, guided by
axon terminals, stained by BDA injected into the right auditory
cortex.

The NNF immunolabeling pattern appeared much denser in
the dorsal part than in the ventral part of the AI high-frequency
area or the AI low-frequency area, whereas the weak NNF
immunolabeling pattern appeared in the latter two areas (Fig. 4B).
Moreover, the dorsal part of the AI high-frequency area ap-
peared to have the particular laminar pattern of immunolabel-
ing. To analyze quantitatively the difference in NNF immuno-
labeling patterns, we first counted the number of NNF-positive
neurons in each area. However, labeled neurons were not
significantly different in number among the three areas (Fig.
4C). NNF immunolabeling clearly distinguished pyramidal
from nonpyramidal neurons, the two most common neuron
types. Pyramidal neurons had NNF-positive apical dendrites,
reaching the superficial layer, and a densely labeled large soma

(Fig. 4D). Conversely, nonpyramidal neurons had few NNF-
positive apical and basal dendrites, and their soma was labeled
weakly. Therefore, the difference in the ratios of NNF-positive
pyramidal neurons to nonpyramidal neurons could account for
the apparent density difference with the NNF immunolabeling
patterns. In layers II, III, and IV, the ratio of NNF-positive
pyramidal/nonpyramidal neurons did not differ noticeably, and
nonpyramidal neurons were dominant in all three areas (Fig.
4E). However, the deeper layers V and VI in the dorsal AI
high-frequency area were almost fully occupied by NNF-
positive pyramidal neurons. The ratio of NNF-positive pyra-
midal/nonpyramidal neurons was significantly higher than that
observed in the other two areas [Fig. 4F; P � 0.05 (area a vs.
c); P � 0.05 (area b vs. c)] when compared in layers V, VI, and
II–VI, whereas there was no significant difference between
areas a and b in any layer. Thus the presence of numerous
NNF-positive pyramidal neurons in the deeper layers could
explain the dense NNF immunolabeling pattern in the dorsal
AI high-frequency area, since these neurons have thick NNF-
positive basal dendrites and apical dendrites that reach super-
ficial layers. These data (Figs. 2 and 4) strongly suggest that the
dorsal AI high-frequency area, located between Stiebler’s UF
and DP, is likely a newly defined region with a different
cytoarchitectural pattern. We tentatively refer to this new area
as the DM (Fig. 1D).

Frequency organizations of the AI and DM. We next re-
evaluated the precise frequency organizations of the auditory
cortex based on the finding that the dorsal AI high-frequency
area is a newly defined region. We investigated frequency
gradients by plotting the response peaks using flavoprotein
fluorescence imaging described in our previous study (Fig. 5)
(Honma et al. 2013). The posterior frequency-organized region
labeled as the “AI,” has a low-to-high (5–80 kHz) tone-
frequency response axis directed from the dorsocaudal to the
ventrorostral temporal cortex (Fig. 5, A and B). The frequency
gradient of the AI ran in a mild clockwise direction. The
corresponding frequency gradient for the newly identified DM
was directed from ventrocaudal to dorsorostral anatomic axis
(Fig. 5, A and C). Similar maps were obtained using other
sound-intensity levels (for example, at 40 dB SPL; data not
shown). The slopes of the AI and DM frequency gradients
were not significantly different (P � 0.9) using comparison of
regression coefficients. Both the AI and DM have high-fre-
quency bands inside of their frequency gradients. The ratios of
the response amplitudes of the DM and AI were plotted against
the stimulus frequency to investigate whether the response
property was similar in these two regions (Fig. 5, D and E).
Although the AI is responsive to ultrasonic sounds, the DM is
more responsive to ultrasonic sounds over 40 kHz than is the
AI (Fig. 5E). These data suggest that the DM and AI have
distinct frequency gradient directions for tone-response topog-
raphies and that the DM responds more vigorously to high-
frequency sounds than the AI.

Differences in robustness of frequency gradients between
regions have been confirmed using two-photon imaging (Issa et
al. 2014). We have shown that the DM and AI have a robust,
frequency-organized structure using flavoprotein fluorescence
imaging. To evaluate the extent of heterogeneity in the fre-
quency organization at the high-resolution scale, we performed
in vivo two-photon imaging to determine the properties of
neurons in the supragranular layers in the AI and DM (Fig. 6),
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since the regional characteristic obtained by low-resolution
imaging reflects an ensemble of the single neuronal properties
in layers II/III (Andermann et al. 2011; Marshel et al. 2011;
Tohmi et al. 2014). After identifying the precise location of the
AI or DM using flavoprotein fluorescence imaging (Fig. 6A),
we injected Fura-2 solution to observe the calcium responses in
each neuron (Fig. 6B). The frequency at which the response
amplitude reached the maximum in a given neuron was defined
as the BF (Fig. 6C). Although the overall frequency gradients
in the DM and AI had the same directions as those defined
using flavoprotein fluorescence imaging, the frequency gradi-
ent in the DM neurons was less variable than that in the AI
(Fig. 6, D and E). The degree of the frequency organization of

the microscopic structures was evaluated using residuals be-
tween each neuron and the regression line. The value of
residuals was greater in the AI than in the DM (Fig. 6F; P �
0.001), implying that neuronal responses in layers II/III of the
AI were more complex than those in the DM.

The DM was less sensitive to low-frequency tones than the
AI in flavoprotein fluorescence imaging (Fig. 5E). This was
explained by the neuronal distribution revealed by two-photon
imaging; there were few neurons in the DM with BF �20 kHz
(Fig. 6, G and H). In contrast, the bandwidth of the neurons in
the DM and AI was similar (Fig. 6I). A tendency that band-
width values obtained in two-photon studies, including this
study, are smaller than those in electrophysiological study
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Fig. 3. Interhemispheric projection between
the auditory cortices. A: schematic drawing
showing that a neuron in the subarea in the
auditory cortex projects to the equivalent
contralateral subarea. B–D: injection site of
adeno-associated virus (AAV)-GCaMP3 in
the right auditory cortex. The areal borders
were drawn according to the flavoprotein
fluorescence response to a 5-kHz tone (C). C
and D: the images shown are the same except
for the color range. �, injection site. E:
GCaMP3-positive axon terminals in the AI
5-kHz area in the left auditory cortex ob-
served using a stereoscopic microscope. The
top 10% pixels in intensity are colored green.
F: GCaMP3-positive axon terminals visual-
ized using a 2-photon microscopy in the
place where an intense signal was observed
in E. G: no GCaMP3-positive terminals
found outside of the AI 5-kHz area. H: the
large calcium responses to a 5-kHz tone
derived from GCaMP3-positive terminals in
the left AI. This response was obtained using
an epifluorescent microscope under the same
experimental condition as that to perform usual
flavoprotein fluorescence imaging. Only the AI
showed a much larger response in H due to
GCaMP-stained terminals. Flavoprotein fluo-
rescence responses, which were small com-
pared with GCaMP signals, were observed in
the 5-kHz area in the AAF and AII. Scale bars,
1 mm (B); 10 �m (F and G).
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(Guo et al. 2012) might be attributed to the property of a
calcium-sensitive dye in detecting spikes.

Frequency organizations of the AAF. We also found the
presence of the precise frequency organization in the AAF
(Fig. 7). The neural response to a 5-kHz tone was placed at the
most rostral part of the AAF. When mice heard tones at 5–80
kHz, neural responses to higher tones shifted to the ventrocau-
dal direction. No clear response was found near Stiebler’s UF
indicated by the white arrow (Fig. 7A, inset). The plotting of
response peaks elicited by tones at 5–80 kHz also confirmed
the presence of the precise octave-based frequency organiza-
tion in the AAF (Fig. 7, B and C), as reported previously (Horie
et al. 2013; Issa et al. 2014). Therefore, the low-high and
high-low mirror-imaged frequency organizations between the

AAF and AI, reported in other species, were preserved in mice
as well.

There is a discrepancy in the direction of the frequency
organization of the AAF between studies using optical imaging
(Fig. 7) (Honma et al. 2013; Issa et al. 2014) and studies using
electrophysiology (Guo et al. 2012). The latest mapping study
using electrophysiology considered the whole area, which was
composed of the AAF, Stiebler’s UF, and the DM in this study
as a single region of the AAF, as shown by the schema in Fig. 8A
(Guo et al. 2012), and the direction of the frequency organi-
zation of the AAF was drawn dorsocaudally (Fig. 1C). There-
fore, we investigated NNF immunolabeling patterns and ana-
tomical properties in the AAF, Stiebler’s UF, and the DM (Fig.
8, B–E) to confirm our physiological mapping shown in Fig. 7.
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Fig. 4. Histological properties of the new region
different from the AI in SMI-32 immunolabeling. A:
functional location of the AI obtained using flavo-
protein fluorescence imaging. Scale bar, 500 �m. B:
sample images of SMI-32 immunolabeling patterns.
We observed nonphosphorylated neurofilament
(NNF) at sites a, b, and c, indicated in A. Scale bar,
100 �m. C: number of NNF-positive neurons in each
area of the AI. Layers were identified based on Nissl
staining in an adjacent section. D: typical images of
an NNF-positive pyramidal and nonpyramidal neu-
ron. E: ratio of the number of NNF-positive pyrami-
dal/nonpyramidal neurons in the superficial layers
(II, III, and IV). F: ratio of the number of NNF-
positive pyramidal/nonpyramidal neurons in the deep
layers (V and VI) and all of the layers (II–VI). *P �
0.05, Tukey-Kramer’s test. Site a, n � 6; site b, n �
6; site c, n � 7. NNF and biotinylated dextran amine
(BDA) were visualized in the adjacent tissue
sections.
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First, NNF immunolabeling patterns of the AAF and Stiebler’s
UF were totally different (Fig. 8C); apparently, the gross
immunolabeling pattern of Stiebler’s UF was much weaker
than that of the AAF (Fig. 8C). Although there was no
difference in number of total NNF-positive neurons between
the AAF and Stiebler’s UF (Fig. 8D), Stiebler’s UF lacked
NNF-positive neurons in the layer VI (Fig. 8E), and the density
of NNF immunolabeling within somas and dendrites per se was
much weaker in Stiebler’s UF, especially in the layer III,
shown in Fig. 8C. Furthermore, the density of NNF immuno-
labeling in the DM was denser than that in the AAF (Figs. 4B
and 8C), which is because the DM contained more than twice

as many NNF-positive neurons as did the AAF and Stiebler’s
UF (Fig. 8D). These data indicate that the area that was defined
as the AAF in the past study (Guo et al. 2012) (Fig. 8A)
includes three subregions with a distinct immunolabeling
pattern.

The Stiebler’s UF is more responsive to slow FM stimuli
than to tones and does not have any frequency-organized
structure (Honma et al. 2013; Stiebler et al. 1997), suggesting
that the Stiebler’s UF belongs to the belt region that receives
thalamic inputs from the dorsal division of the MGB (MGd)
(Winer and Schreiner 2011). Therefore, we investigated from
which division of the MGB the Stiebler’s UF receives dense
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Fig. 5. Frequency organizations of the AI and DM
revealed by flavoprotein fluorescence imaging. A:
2 frequency gradients for 5–80 kHz sounds in the
AI and newly identified DM revealed by flavopro-
tein fluorescence imaging. The location of the
20-kHz response peak in the AI was used as the
origin of coordinates on which data from several
animals were superimposed. Black scale bar, 200
�m. See color-coding key on right. Top inset:
response peak shifts in DM. Blue, 40 kHz; green,
60 kHz; red, 80 kHz; yellow, overlap between 60
and 80 kHz. White scale bar, 100 �m. Bottom
inset: blue, 5 kHz; green, 10 kHz; yellow, 20 kHz;
red, 50 kHz. White scale bar, 100 �m. B: a fre-
quency gradient of the linear (left) and the log
scales (right) in the AI. The horizontal axis is a line
connecting points of 5 and 80 kHz (r � 0.85; P �
0.001, Spearman’s rank correlation test). The slope
in the octave axis was 1.01 octave/125 �m. C: a
frequency gradient in the DM (r � 0.69; P �
0.001, Spearman’s rank correlation test). The slope
was 1.17 octave/125 �m. D: response amplitudes
against each frequency in the AI (left) and DM
(right). E: ratio of amplitudes of the DM to AI by
each stimulus frequency (r � 0.63, P � 0.001,
Spearman’s rank correlation test). 5 kHz, n � 15;
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n � 3; 80 kHz, n � 3.
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(Guo et al. 2012) might be attributed to the property of a
calcium-sensitive dye in detecting spikes.

Frequency organizations of the AAF. We also found the
presence of the precise frequency organization in the AAF
(Fig. 7). The neural response to a 5-kHz tone was placed at the
most rostral part of the AAF. When mice heard tones at 5–80
kHz, neural responses to higher tones shifted to the ventrocau-
dal direction. No clear response was found near Stiebler’s UF
indicated by the white arrow (Fig. 7A, inset). The plotting of
response peaks elicited by tones at 5–80 kHz also confirmed
the presence of the precise octave-based frequency organiza-
tion in the AAF (Fig. 7, B and C), as reported previously (Horie
et al. 2013; Issa et al. 2014). Therefore, the low-high and
high-low mirror-imaged frequency organizations between the

AAF and AI, reported in other species, were preserved in mice
as well.

There is a discrepancy in the direction of the frequency
organization of the AAF between studies using optical imaging
(Fig. 7) (Honma et al. 2013; Issa et al. 2014) and studies using
electrophysiology (Guo et al. 2012). The latest mapping study
using electrophysiology considered the whole area, which was
composed of the AAF, Stiebler’s UF, and the DM in this study
as a single region of the AAF, as shown by the schema in Fig. 8A
(Guo et al. 2012), and the direction of the frequency organi-
zation of the AAF was drawn dorsocaudally (Fig. 1C). There-
fore, we investigated NNF immunolabeling patterns and ana-
tomical properties in the AAF, Stiebler’s UF, and the DM (Fig.
8, B–E) to confirm our physiological mapping shown in Fig. 7.
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Fig. 4. Histological properties of the new region
different from the AI in SMI-32 immunolabeling. A:
functional location of the AI obtained using flavo-
protein fluorescence imaging. Scale bar, 500 �m. B:
sample images of SMI-32 immunolabeling patterns.
We observed nonphosphorylated neurofilament
(NNF) at sites a, b, and c, indicated in A. Scale bar,
100 �m. C: number of NNF-positive neurons in each
area of the AI. Layers were identified based on Nissl
staining in an adjacent section. D: typical images of
an NNF-positive pyramidal and nonpyramidal neu-
ron. E: ratio of the number of NNF-positive pyrami-
dal/nonpyramidal neurons in the superficial layers
(II, III, and IV). F: ratio of the number of NNF-
positive pyramidal/nonpyramidal neurons in the deep
layers (V and VI) and all of the layers (II–VI). *P �
0.05, Tukey-Kramer’s test. Site a, n � 6; site b, n �
6; site c, n � 7. NNF and biotinylated dextran amine
(BDA) were visualized in the adjacent tissue
sections.
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First, NNF immunolabeling patterns of the AAF and Stiebler’s
UF were totally different (Fig. 8C); apparently, the gross
immunolabeling pattern of Stiebler’s UF was much weaker
than that of the AAF (Fig. 8C). Although there was no
difference in number of total NNF-positive neurons between
the AAF and Stiebler’s UF (Fig. 8D), Stiebler’s UF lacked
NNF-positive neurons in the layer VI (Fig. 8E), and the density
of NNF immunolabeling within somas and dendrites per se was
much weaker in Stiebler’s UF, especially in the layer III,
shown in Fig. 8C. Furthermore, the density of NNF immuno-
labeling in the DM was denser than that in the AAF (Figs. 4B
and 8C), which is because the DM contained more than twice

as many NNF-positive neurons as did the AAF and Stiebler’s
UF (Fig. 8D). These data indicate that the area that was defined
as the AAF in the past study (Guo et al. 2012) (Fig. 8A)
includes three subregions with a distinct immunolabeling
pattern.

The Stiebler’s UF is more responsive to slow FM stimuli
than to tones and does not have any frequency-organized
structure (Honma et al. 2013; Stiebler et al. 1997), suggesting
that the Stiebler’s UF belongs to the belt region that receives
thalamic inputs from the dorsal division of the MGB (MGd)
(Winer and Schreiner 2011). Therefore, we investigated from
which division of the MGB the Stiebler’s UF receives dense
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projections (Fig. 8F). We injected BDA solution into the
Stiebler’s UF as a retrograde tracer after identifying the region,
according to the response to FM reversal stimuli (Fig. 2D), and
evaluated neuronal distribution using coronal sections between
2.8 and 3.4 mm posterior to the bregma. The MGv and MGd
were partitioned according to the SMI-32 immunolabeling
patterns (Honma et al. 2013; Horie et al. 2013; LeDoux et al.
1985, 1987) and an atlas (Paxinos 2003; Paxinos and Franklin
2001; Paxinos et al. 2009). Whereas 64.6% neurons of BDA-
stained neurons were placed in the MGv, as much as 35.4%
neurons were placed in the MGd (Fig. 8F). These data are
clearly consistent with the results reported by Hofstetter and
Ehret (1992), showing that the Stiebler’s UF received robust
thalamic projections from both MGd and MGv. In contrast, as
for the region referred to as the AAF in the present study, 90%
of the thalamic inputs originated from the MGv, and only 10%
originated from the MGd (Fig. 8F), which is consistent with
the fact that the AAF is one of the lemniscal core regions.
Furthermore, we injected BDA solution into the DM to clarify
the origin of the thalamic input. The DM presumably receives
thalamic information from the MGv but not from the MGd,

because the DM has the clear frequency organization shown in
Fig. 5. As expected, it was revealed that as much as 97%
neurons projecting to the DM were localized in the MGv, and
remaining 3% neurons were located in the MGd (Fig. 8F).
Overall, these data indicate that the AAF, Stiebler’s UF, and
DM are not combined into a single region but three different
regions with distinct histological and anatomical properties.
Hence, these data support our physiological mapping that
reveals that the frequency gradient of the AAF travels ventro-
caudally (Fig. 7).

Comparison of the effects of acoustic exposures between the
AI and DM. The number of cortical neurons with a particular
characteristic frequency increases after animals are passively
exposed for a long time to the tonal stimuli at the same
frequency (de Villers-Sidani et al. 2007; Nakahara et al. 2004;
Zhang et al. 2001). This plastic change can be observed, as
response amplitude increases when observed by flavoprotein
fluorescence imaging (Takahashi et al. 2006; Tohmi et al.
2009). The potentiation induced by the passive acoustic expo-
sure exhibits regional and tonal specificity. Whereas the AAF
is relatively insensitive to the passive acoustic exposure (Taka-
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hashi et al. 2006), the AI responses are clearly potentiated by
the exposure (de Villers-Sidani et al. 2007; Nakahara et al.
2004; Zhang et al. 2001). We tested whether the plastic change
to acoustic exposure was observed in the DM, which is ex-
pected to have different properties from those in the AI. We
observed that when mice were reared under 5 kHz tone
exposure from P7 to P35 (Fig. 9A), significant potentiation of
neural responses to a 5-kHz tone occurred only in the AI
(�F/F0 in normal environment, 0.68 � 0.06%, n � 10; quiet
environment, 0.64 � 0.05%, n � 6; exposed, 0.87 � 0.04%,
n � 14), and such potentiation was not found in the AAF or
AII (Fig. 9, B and C). In the AAF, AI, AII, and DM, the
responses to a 35-kHz tone were not clearly potentiated after
exposure to a 5-kHz tone because of the frequency specificity
in the potentiation (Fig. 10A), as reported previously (Taka-
hashi et al. 2006). When mice were exposed to a 35-kHz tone,
significant potentiation was observed only in the AI (normal
environment, 0.95 � 0.08%, n � 10; quiet environment, 0.95 �
0.05%, n � 6; exposed, 1.09 � 0.03%, n � 14), whereas no
potentiation was observed in the DM as in the AAF or AII
(Fig. 9, D and E). Although the size of responsive areas after
the plasticity occurred seemed to be expanded in an expe-
rience-dependent manner, the location of the AI peak was
not shifted by the plasticity. Therefore, it is unlikely that the
AI and DM have merged by the plasticity. The neural
responses were not potentiated in all three areas to a 5-kHz
tone (Fig. 10B). Flavoprotein fluorescence imaging showed
that responses of the DM to a 5-kHz tone were very weak
and diffused and did not show robust, clear peaks in re-

sponse to a 5-kHz tone (Fig. 2B). Moreover, single neuronal
analysis showed that there were few low-frequency neurons
in the DM (Fig. 6). Therefore, reliable analysis was not
possible regarding DM responses to a 5-kHz tone, and we
used only a 35-kHz tone to evaluate the effect of acoustic
exposures. Overall, the resistance to plasticity of the DM
indicates that the DM is a functionally distinct region from
the AI.

Thalamocortical projections from the MGB to the DM.
Auditory cortical regions have different latencies to auditory
stimuli across species. In previous studies, neurons in the AAF
were activated with shorter latencies than those in the AI
(Kubota et al. 2008; Linden et al. 2003; Sawatari et al. 2011).
We verified the latency of the neural response to a 35-kHz tone
in the DM using flavoprotein fluorescence imaging (Fig. 11).
The latency was evaluated as the time until the fluorescence
signal reached 25% or 50% maximum of the peak. The latency
of the AAF response to a 35-kHz tone was shorter than that of
the AI, as we described previously (Fig. 11A) (Kubota et al.
2008), which is consistent with the results obtained by voltage-
sensitive dye imaging (Sawatari et al. 2011). The latency of the
DM was also shorter than that of the AI and comparable with
that in the AAF (Fig. 11A). The latencies to reach 25%
maximum were 122.2 � 5.4 ms in the AAF, 120.2 � 4.5 ms
in the DM, 142.0 � 4.7 ms in the AI, and 146.0 � 5.8 ms in
the AII (n � 18, each; Fig. 11B). The latencies to reach 50%
maximum were 185 � 4.7 ms in the AAF, 189.3 � 5.6 ms in
the DM, 212.5 � 6.5 ms in the AI, and 215.6 � 7.5 ms in the
AII (n � 18, each; Fig. 11B). The latencies to reach 25% and
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projections (Fig. 8F). We injected BDA solution into the
Stiebler’s UF as a retrograde tracer after identifying the region,
according to the response to FM reversal stimuli (Fig. 2D), and
evaluated neuronal distribution using coronal sections between
2.8 and 3.4 mm posterior to the bregma. The MGv and MGd
were partitioned according to the SMI-32 immunolabeling
patterns (Honma et al. 2013; Horie et al. 2013; LeDoux et al.
1985, 1987) and an atlas (Paxinos 2003; Paxinos and Franklin
2001; Paxinos et al. 2009). Whereas 64.6% neurons of BDA-
stained neurons were placed in the MGv, as much as 35.4%
neurons were placed in the MGd (Fig. 8F). These data are
clearly consistent with the results reported by Hofstetter and
Ehret (1992), showing that the Stiebler’s UF received robust
thalamic projections from both MGd and MGv. In contrast, as
for the region referred to as the AAF in the present study, 90%
of the thalamic inputs originated from the MGv, and only 10%
originated from the MGd (Fig. 8F), which is consistent with
the fact that the AAF is one of the lemniscal core regions.
Furthermore, we injected BDA solution into the DM to clarify
the origin of the thalamic input. The DM presumably receives
thalamic information from the MGv but not from the MGd,

because the DM has the clear frequency organization shown in
Fig. 5. As expected, it was revealed that as much as 97%
neurons projecting to the DM were localized in the MGv, and
remaining 3% neurons were located in the MGd (Fig. 8F).
Overall, these data indicate that the AAF, Stiebler’s UF, and
DM are not combined into a single region but three different
regions with distinct histological and anatomical properties.
Hence, these data support our physiological mapping that
reveals that the frequency gradient of the AAF travels ventro-
caudally (Fig. 7).

Comparison of the effects of acoustic exposures between the
AI and DM. The number of cortical neurons with a particular
characteristic frequency increases after animals are passively
exposed for a long time to the tonal stimuli at the same
frequency (de Villers-Sidani et al. 2007; Nakahara et al. 2004;
Zhang et al. 2001). This plastic change can be observed, as
response amplitude increases when observed by flavoprotein
fluorescence imaging (Takahashi et al. 2006; Tohmi et al.
2009). The potentiation induced by the passive acoustic expo-
sure exhibits regional and tonal specificity. Whereas the AAF
is relatively insensitive to the passive acoustic exposure (Taka-
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were obtained from 3 animals, and images were superimposed on the location of a 5-kHz response peak in the AI as the origin of coordinates obtained using
flavoprotein fluorescence imaging. Color of each plot represents its BF. A significant, progressive increase in frequency was observed (P � 0.05, Spearman’s
rank correlation test; 163 neurons). Scale bar, 200 �m. E: distribution of neurons in the AI. Data were obtained from 4 animals and reconstructed. A significant,
progressive increase in frequency was observed (P � 0.0001, Spearman’s rank correlation test; 598 neurons). Scale bar, 200 �m. F: comparison of the degree
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hashi et al. 2006), the AI responses are clearly potentiated by
the exposure (de Villers-Sidani et al. 2007; Nakahara et al.
2004; Zhang et al. 2001). We tested whether the plastic change
to acoustic exposure was observed in the DM, which is ex-
pected to have different properties from those in the AI. We
observed that when mice were reared under 5 kHz tone
exposure from P7 to P35 (Fig. 9A), significant potentiation of
neural responses to a 5-kHz tone occurred only in the AI
(�F/F0 in normal environment, 0.68 � 0.06%, n � 10; quiet
environment, 0.64 � 0.05%, n � 6; exposed, 0.87 � 0.04%,
n � 14), and such potentiation was not found in the AAF or
AII (Fig. 9, B and C). In the AAF, AI, AII, and DM, the
responses to a 35-kHz tone were not clearly potentiated after
exposure to a 5-kHz tone because of the frequency specificity
in the potentiation (Fig. 10A), as reported previously (Taka-
hashi et al. 2006). When mice were exposed to a 35-kHz tone,
significant potentiation was observed only in the AI (normal
environment, 0.95 � 0.08%, n � 10; quiet environment, 0.95 �
0.05%, n � 6; exposed, 1.09 � 0.03%, n � 14), whereas no
potentiation was observed in the DM as in the AAF or AII
(Fig. 9, D and E). Although the size of responsive areas after
the plasticity occurred seemed to be expanded in an expe-
rience-dependent manner, the location of the AI peak was
not shifted by the plasticity. Therefore, it is unlikely that the
AI and DM have merged by the plasticity. The neural
responses were not potentiated in all three areas to a 5-kHz
tone (Fig. 10B). Flavoprotein fluorescence imaging showed
that responses of the DM to a 5-kHz tone were very weak
and diffused and did not show robust, clear peaks in re-

sponse to a 5-kHz tone (Fig. 2B). Moreover, single neuronal
analysis showed that there were few low-frequency neurons
in the DM (Fig. 6). Therefore, reliable analysis was not
possible regarding DM responses to a 5-kHz tone, and we
used only a 35-kHz tone to evaluate the effect of acoustic
exposures. Overall, the resistance to plasticity of the DM
indicates that the DM is a functionally distinct region from
the AI.

Thalamocortical projections from the MGB to the DM.
Auditory cortical regions have different latencies to auditory
stimuli across species. In previous studies, neurons in the AAF
were activated with shorter latencies than those in the AI
(Kubota et al. 2008; Linden et al. 2003; Sawatari et al. 2011).
We verified the latency of the neural response to a 35-kHz tone
in the DM using flavoprotein fluorescence imaging (Fig. 11).
The latency was evaluated as the time until the fluorescence
signal reached 25% or 50% maximum of the peak. The latency
of the AAF response to a 35-kHz tone was shorter than that of
the AI, as we described previously (Fig. 11A) (Kubota et al.
2008), which is consistent with the results obtained by voltage-
sensitive dye imaging (Sawatari et al. 2011). The latency of the
DM was also shorter than that of the AI and comparable with
that in the AAF (Fig. 11A). The latencies to reach 25%
maximum were 122.2 � 5.4 ms in the AAF, 120.2 � 4.5 ms
in the DM, 142.0 � 4.7 ms in the AI, and 146.0 � 5.8 ms in
the AII (n � 18, each; Fig. 11B). The latencies to reach 50%
maximum were 185 � 4.7 ms in the AAF, 189.3 � 5.6 ms in
the DM, 212.5 � 6.5 ms in the AI, and 215.6 � 7.5 ms in the
AII (n � 18, each; Fig. 11B). The latencies to reach 25% and
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50% maximum had the same tendency. The latencies of the
AAF and DM were significantly shorter than those of the AI
and AII, and there were no significant differences between the
AAF and DM or the AI and AII (Fig. 11C). These data also
support the fact that the DM receives thalamocortical projec-
tions directly from the MGv but not via the AAF or AI.

The mouse MGv is composed of several compartments that
topographically project to their corresponding subregions in the
auditory cortex (Horie et al. 2013; Takemoto et al. 2014). The
region that projects to the AAF or AI is localized in the middle
part of the MGv. On these bases, we tried to identify the region
that projected to the DM. First, we injected BDA into the AI or
DM after identification, and we evaluated the locations of
neurons that project to the AI or DM using coronal sections
(Fig. 12). Neurons projecting to the DM were found in the
ventral half of the MGv, and those projecting to the ventral AI
high-frequency area were observed in a neighboring region
located at the same ventrodorsal level (Fig. 12). However, we
found that neurons projecting to the DM were located rostral to
those projecting to the AI as a whole. Therefore, we prepared
horizontal sections to evaluate the relative rostrocaudal loca-
tion of neurons projecting to the DM and AI (Fig. 13). We
injected Alexa Fluor-conjugated CTB into the ventral AI high-
frequency area or the DM, identified using a tone at 40 kHz
(Fig. 13, A and B). In horizontal sections of the MGv, the
neurons projecting to the DM were located more rostrally than
the neurons projecting to the AI (Fig. 13, C–F). The relative
location of the neuronal population projecting to the DM was
measured in reference to the averaged coordinates of neurons
projecting to the AI (Fig. 13J). The neurons projecting to the
DM were located significantly more rostral and more medial
compared with those projecting to the AI (P � 0.001, for both).

Next, we tested whether the frequency organization in the
DM reflects the distinct frequency organization in a single
region within the MGv or partly overlapped regions projecting
to the AI and DM, as suggested by the fork-shaped, frequency-
organized map proposed by Issa et al. (2014) (Fig. 1C). We
injected fluorescent CTB into the low- and high-frequency
regions of the DM. Results clearly indicated that the frequency
organization in the MGv projecting to the DM was structured
along a single latero-medial axis within a single compartment
of the MGv (Fig. 13, G–I). The quantitative distribution map
showed a significant place shift in location between the areas
projecting to the low- and high-frequency areas of the DM
(Fig. 13K; P � 0.001). These data indicate that neurons
projecting to the DM are localized in the rostral part of the
MGv with a distinct frequency organization along the latero-
medial axis, and no fewer than four compartments were inde-
pendent from each other within the MGv (Fig. 13L).

Vocalization processing in the auditory cortex. Although the
frequency gradient in the AI also includes ultrasonic bands, the
responses of the DM to ultrasonic tones were larger than those
of the AI (Fig. 5E). Therefore, we verified the possibility that
the DM may be involved in ultrasonic courtship songs pro-
duced by male mice for females (Fig. 14A). Although this
courtship vocalization produced by male mice is one of the
representative ultrasonic, communication-related sounds
(Asaba et al. 2014; Hammerschmidt et al. 2009; Holy and Guo
2005), as well as isolation calls produced by pups (Ehret and
Haack 1982; Thornton et al. 2005; Uematsu et al. 2007), no
research has been performed about central processing of court-
ship songs, although several studies about pup isolation calls
have been reported (Galindo-Leon et al. 2009). The courtship
songs produced by male mice include characteristic features,
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Tukey-Kramer’s test; AAF, n � 5; Stiebler’s
UF, n � 4; DM, n � 7. E: number of
NNF-positive neurons in the layer VI and the
others of the AAF and Stiebler’s UF. *P �
0.05, Mann-Whitney U-test; AAF, n � 5;
Stiebler’s UF, n � 4. F: percentage of neu-
ronal distribution in the medial geniculate
body [MGB; the ventral division of MGB
(MGv) or the dorsal division of MGB
(MGd)] by their cortical target. **P � 0.01;
***P � 0.000001, �2 test after Bonferroni
correction; to AAF, n � 150 neurons from 3
mice; to Stiebler’s UF, n � 144 neurons
from 6 mice; to DM, n � 316 neurons from
7 mice.
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such as a high-frequency band over 50 kHz, fast FM, pitch
jumps, and intermittent rhythms (Fischer and Hammerschmidt
2011; Lahvis et al. 2011). The AAF, AI, AII, and DM in both
sexes were clearly activated by stimulation with songs pro-
duced by males (Fig. 14B). Interestingly, the temporal order of
the rising phase of neural responses to a male’s courtship song
was different from that of an artificial tone (Fig. 14, C and D).
The DM was activated first, followed by simultaneous activa-
tion of the AAF and AI, and the AII was activated last. The
latency to reach 25% maximum was 143 � 6.2 ms in the DM,
170 � 9.4 ms in the AAF, 181 � 7.4 ms in the AI, and 208 �
13.7 ms in the AII (Fig. 14E), and the latency to reach 50%
maximum was 243 � 6.5 ms in the DM, 279 � 8.7 ms in the

AAF, 291 � 9.3 ms in the AI, and 340 � 11.9 ms in the AII
(n � 20 in total; male, n � 7; female, n � 13; Fig. 14E). As
for the latency, there were no differences between male and
female mice in all of the regions. These data indicate that
vocalization is similarly processed in the DM of both male and
female mice regarding the latency of the DM responses to a
male’s courtship song. In contrast, the amplitudes of the re-
sponse to a male’s song were significantly larger in females
than in males in the DM alone (Fig. 14F; male, 1.61 � 0.10%,
n � 15; female, 2.0 � 0.19%, n � 16; P � 0.05). The response
amplitudes in the AAF, AI, and AII were slightly larger in
females than in males, although there were no significant
differences between the sexes (AAF, P � 0.6; AI, P � 0.8;
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6; exposed, n � 14).
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50% maximum had the same tendency. The latencies of the
AAF and DM were significantly shorter than those of the AI
and AII, and there were no significant differences between the
AAF and DM or the AI and AII (Fig. 11C). These data also
support the fact that the DM receives thalamocortical projec-
tions directly from the MGv but not via the AAF or AI.

The mouse MGv is composed of several compartments that
topographically project to their corresponding subregions in the
auditory cortex (Horie et al. 2013; Takemoto et al. 2014). The
region that projects to the AAF or AI is localized in the middle
part of the MGv. On these bases, we tried to identify the region
that projected to the DM. First, we injected BDA into the AI or
DM after identification, and we evaluated the locations of
neurons that project to the AI or DM using coronal sections
(Fig. 12). Neurons projecting to the DM were found in the
ventral half of the MGv, and those projecting to the ventral AI
high-frequency area were observed in a neighboring region
located at the same ventrodorsal level (Fig. 12). However, we
found that neurons projecting to the DM were located rostral to
those projecting to the AI as a whole. Therefore, we prepared
horizontal sections to evaluate the relative rostrocaudal loca-
tion of neurons projecting to the DM and AI (Fig. 13). We
injected Alexa Fluor-conjugated CTB into the ventral AI high-
frequency area or the DM, identified using a tone at 40 kHz
(Fig. 13, A and B). In horizontal sections of the MGv, the
neurons projecting to the DM were located more rostrally than
the neurons projecting to the AI (Fig. 13, C–F). The relative
location of the neuronal population projecting to the DM was
measured in reference to the averaged coordinates of neurons
projecting to the AI (Fig. 13J). The neurons projecting to the
DM were located significantly more rostral and more medial
compared with those projecting to the AI (P � 0.001, for both).

Next, we tested whether the frequency organization in the
DM reflects the distinct frequency organization in a single
region within the MGv or partly overlapped regions projecting
to the AI and DM, as suggested by the fork-shaped, frequency-
organized map proposed by Issa et al. (2014) (Fig. 1C). We
injected fluorescent CTB into the low- and high-frequency
regions of the DM. Results clearly indicated that the frequency
organization in the MGv projecting to the DM was structured
along a single latero-medial axis within a single compartment
of the MGv (Fig. 13, G–I). The quantitative distribution map
showed a significant place shift in location between the areas
projecting to the low- and high-frequency areas of the DM
(Fig. 13K; P � 0.001). These data indicate that neurons
projecting to the DM are localized in the rostral part of the
MGv with a distinct frequency organization along the latero-
medial axis, and no fewer than four compartments were inde-
pendent from each other within the MGv (Fig. 13L).

Vocalization processing in the auditory cortex. Although the
frequency gradient in the AI also includes ultrasonic bands, the
responses of the DM to ultrasonic tones were larger than those
of the AI (Fig. 5E). Therefore, we verified the possibility that
the DM may be involved in ultrasonic courtship songs pro-
duced by male mice for females (Fig. 14A). Although this
courtship vocalization produced by male mice is one of the
representative ultrasonic, communication-related sounds
(Asaba et al. 2014; Hammerschmidt et al. 2009; Holy and Guo
2005), as well as isolation calls produced by pups (Ehret and
Haack 1982; Thornton et al. 2005; Uematsu et al. 2007), no
research has been performed about central processing of court-
ship songs, although several studies about pup isolation calls
have been reported (Galindo-Leon et al. 2009). The courtship
songs produced by male mice include characteristic features,
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such as a high-frequency band over 50 kHz, fast FM, pitch
jumps, and intermittent rhythms (Fischer and Hammerschmidt
2011; Lahvis et al. 2011). The AAF, AI, AII, and DM in both
sexes were clearly activated by stimulation with songs pro-
duced by males (Fig. 14B). Interestingly, the temporal order of
the rising phase of neural responses to a male’s courtship song
was different from that of an artificial tone (Fig. 14, C and D).
The DM was activated first, followed by simultaneous activa-
tion of the AAF and AI, and the AII was activated last. The
latency to reach 25% maximum was 143 � 6.2 ms in the DM,
170 � 9.4 ms in the AAF, 181 � 7.4 ms in the AI, and 208 �
13.7 ms in the AII (Fig. 14E), and the latency to reach 50%
maximum was 243 � 6.5 ms in the DM, 279 � 8.7 ms in the

AAF, 291 � 9.3 ms in the AI, and 340 � 11.9 ms in the AII
(n � 20 in total; male, n � 7; female, n � 13; Fig. 14E). As
for the latency, there were no differences between male and
female mice in all of the regions. These data indicate that
vocalization is similarly processed in the DM of both male and
female mice regarding the latency of the DM responses to a
male’s courtship song. In contrast, the amplitudes of the re-
sponse to a male’s song were significantly larger in females
than in males in the DM alone (Fig. 14F; male, 1.61 � 0.10%,
n � 15; female, 2.0 � 0.19%, n � 16; P � 0.05). The response
amplitudes in the AAF, AI, and AII were slightly larger in
females than in males, although there were no significant
differences between the sexes (AAF, P � 0.6; AI, P � 0.8;
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0.05, Mann-Whitney U-test; normal, n � 10; quiet, n �
6; exposed, n � 14).

2912 NEWLY DELINEATED REGION IN MOUSE AUDITORY CORTEX

J Neurophysiol • doi:10.1152/jn.00932.2014 • www.jn.org



－  130  －

AII, P � 0.5). The slight difference in the AAF, AI, and AII
might be attributed to the significant difference in the DM, as
it was reported that neural responses in a downstream region
with a longer latency are affected by neural responses in an
upstream region with a shorter latency in the auditory cortex
(Kubota et al. 2008). As expected from this idea, there was no

difference between the sexes in response to a 70-kHz artificial
tone (Fig. 14G). These data imply that ultrasonic courtship
songs produced by males, mediated via a distinct rostral com-
partment of the MGv, reach the DM first and are processed
further through pathways from the DM to other cortical regions
in mice.
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DISCUSSION

In the present study, we observed the regional characteristics
in the mouse auditory cortex using flavoprotein fluorescence
imaging, two-photon calcium imaging, immunohistochemistry,
and tracer experiments. The regional borders of the AI were
re-delineated by isolating the DM, which has been reported to
be a part of the AI, specialized for processing high-frequency
sound signals in mice (Guo et al. 2012; Issa et al. 2014;
Joachimsthaler et al. 2014; Sawatari et al. 2011; Stiebler et al.
1997). In the present study, we identified the DM as the fifth
frequency-organized region in the cortex, in addition to the
three frequency-organized regions—the AAF, AI, and AII—in
the auditory cortex (Issa et al. 2014; Kubota et al. 2008) and the
insular auditory field (IAF) in the insular cortex (Gogolla et al.
2014; Sawatari et al. 2011; Takemoto et al. 2014). We dem-
onstrated that the frequency gradient of the AI ran from the
dorsocaudal to ventrorostral direction, whereas the frequency
gradient in the DM ran from the ventrocaudal to dorsorostral
direction. The direction of the frequency organization of the
AAF was from dorsorostral to ventrocaudal, consistent with
recent reports (Horie et al. 2013; Issa et al. 2014; Kubota et al.
2008). The DM responses to a courtship song by males were
significantly larger in female mice, which is the first evidence
to suggest that the gender-specific biological importance of
courtship songs might be reflected in the properties of the
mouse auditory system.

Technical merits of using flavoprotein fluorescence imaging
to investigate cortical functions in mice. There were several
technical advantages in the present study to localize the newly
found DM region. First, we used flavoprotein autofluorescence
imaging to visualize the mouse auditory cortex. Flavoprotein
fluorescence imaging gave us very similar results to those
obtained in GCaMP3-expressing mice (Issa et al. 2014) regard-
ing the regional borders between the DM and surrounding
regions. This method detects neural activity based on activity-
dependent oxygen metabolism; therefore, there is no need to
stain neurons using dye solutions, thus allowing uniform ob-
servability on the cortical surface (Llano et al. 2009; Shibuki et
al. 2003, 2006) and allowing the delineation of regional bor-
ders, as in our previous studies (Honma et al. 2013; Kubota et
al. 2008; Ohshima et al. 2010). Because of the merits of
intrinsic fluorescence imaging, we were able to find a small
trough in neuronal activity between the AI and DM (Fig. 2), as
seen in GCaMP3-expressing mice (Issa et al. 2014). A critical
requirement for delineating small cortical regions is the uni-
form distribution of fluorophores in the brain, which was based
on endogenous flavoproteins or homogenously expressed
GCaMP3. In contrast, unit recording requires the insertion of
an electrode into the cortex, and therefore, the recording sites
must be set at some intervals. Therefore, the regional border,
such as that between the AAF and AI, must be defined as a
result of the assumption that the border corresponds to the
frequency-gradient reversal line based on unit recording de-
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AII, P � 0.5). The slight difference in the AAF, AI, and AII
might be attributed to the significant difference in the DM, as
it was reported that neural responses in a downstream region
with a longer latency are affected by neural responses in an
upstream region with a shorter latency in the auditory cortex
(Kubota et al. 2008). As expected from this idea, there was no

difference between the sexes in response to a 70-kHz artificial
tone (Fig. 14G). These data imply that ultrasonic courtship
songs produced by males, mediated via a distinct rostral com-
partment of the MGv, reach the DM first and are processed
further through pathways from the DM to other cortical regions
in mice.
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ANOVA; n � 18 each). C: schema of latencies reaching 25%
maximum by color. The numbers indicate the order of
response.
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DISCUSSION

In the present study, we observed the regional characteristics
in the mouse auditory cortex using flavoprotein fluorescence
imaging, two-photon calcium imaging, immunohistochemistry,
and tracer experiments. The regional borders of the AI were
re-delineated by isolating the DM, which has been reported to
be a part of the AI, specialized for processing high-frequency
sound signals in mice (Guo et al. 2012; Issa et al. 2014;
Joachimsthaler et al. 2014; Sawatari et al. 2011; Stiebler et al.
1997). In the present study, we identified the DM as the fifth
frequency-organized region in the cortex, in addition to the
three frequency-organized regions—the AAF, AI, and AII—in
the auditory cortex (Issa et al. 2014; Kubota et al. 2008) and the
insular auditory field (IAF) in the insular cortex (Gogolla et al.
2014; Sawatari et al. 2011; Takemoto et al. 2014). We dem-
onstrated that the frequency gradient of the AI ran from the
dorsocaudal to ventrorostral direction, whereas the frequency
gradient in the DM ran from the ventrocaudal to dorsorostral
direction. The direction of the frequency organization of the
AAF was from dorsorostral to ventrocaudal, consistent with
recent reports (Horie et al. 2013; Issa et al. 2014; Kubota et al.
2008). The DM responses to a courtship song by males were
significantly larger in female mice, which is the first evidence
to suggest that the gender-specific biological importance of
courtship songs might be reflected in the properties of the
mouse auditory system.

Technical merits of using flavoprotein fluorescence imaging
to investigate cortical functions in mice. There were several
technical advantages in the present study to localize the newly
found DM region. First, we used flavoprotein autofluorescence
imaging to visualize the mouse auditory cortex. Flavoprotein
fluorescence imaging gave us very similar results to those
obtained in GCaMP3-expressing mice (Issa et al. 2014) regard-
ing the regional borders between the DM and surrounding
regions. This method detects neural activity based on activity-
dependent oxygen metabolism; therefore, there is no need to
stain neurons using dye solutions, thus allowing uniform ob-
servability on the cortical surface (Llano et al. 2009; Shibuki et
al. 2003, 2006) and allowing the delineation of regional bor-
ders, as in our previous studies (Honma et al. 2013; Kubota et
al. 2008; Ohshima et al. 2010). Because of the merits of
intrinsic fluorescence imaging, we were able to find a small
trough in neuronal activity between the AI and DM (Fig. 2), as
seen in GCaMP3-expressing mice (Issa et al. 2014). A critical
requirement for delineating small cortical regions is the uni-
form distribution of fluorophores in the brain, which was based
on endogenous flavoproteins or homogenously expressed
GCaMP3. In contrast, unit recording requires the insertion of
an electrode into the cortex, and therefore, the recording sites
must be set at some intervals. Therefore, the regional border,
such as that between the AAF and AI, must be defined as a
result of the assumption that the border corresponds to the
frequency-gradient reversal line based on unit recording de-
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scribed in previous studies. Thus it is no wonder that the small
trough between the DM and the ventral AI high-frequency area
was not found in previous studies using unit recording. The
DM is sensitive to ultrasonic sounds over 40 kHz, and the

response of the AI is somewhat weaker than that of the DM.
These factors might have led to the conclusion that a single
frequency gradient extended from the AI low-frequency area to
the DM in previous electrophysiological experiments (Guo et

J L Dorsal

Lateral
Rostral

***

DM low DM high

Low High
To AAF
To AI
To DM

MGB

Hi pocampus

LGB

C

D E F

G H

AI DM

K

I

0 100 200

0

200 ***

***

Distance (μm)

D
is

ta
nc

e 
(μ

m
)

100

Merge

A

AI

DM

AII

AAF

300

MGv

MGm

400

Merge

R
LR

D R
L

B

0

200

D
is

ta
nc

e 
(μ

m
)

100

0 100 200
Distance (μm)

***

To IAF

AC

To DM low
To DM high

To AI
To DM

p

Fig. 13. Distribution of MGv neurons projecting to the DM in horizontal sections. A: injection sites in the AI and DM. Image of the brain surface and merged images
obtained through a green or a red filter. The dotted lines indicate the outlines of responses to a 40-kHz tone. Scale bar, 1 mm. D, dorsal; R, rostral. B: injection site after
a horizontal slice was prepared. The dotted lines indicate the outlines of the auditory cortex. Inset: the same image observed under bright-field microscopy. Scale bars,
500 �m. L, lateral. C: bright-field view of the MGB in a horizontal slice. The dotted rectangle represents the window containing images of D–F. Scale bar, 500 �m.
LGB, lateral geniculate body. D–F: neurons projecting to the AI ventral high-frequency area and DM (F). The arrowheads indicate the lateral edge of the MGv as shown
in C. Scale bar, 100 �m. G–I: neurons projecting to the low- and high-frequency areas of the DM (I). Scale bar, 100 �m. J: the relative coordinates of neurons projecting
to the DM vs. the AI. The average of the coordinates of neurons projecting to the AI was set as the origin. In 6 mice, 71 neurons projecting to the AI and 103 neurons
projecting to the DM were found. ***P � 0.001, Mann-Whitney U-test. K: the relative coordinates of neurons projecting to a low-frequency (25 kHz) area vs.
high-frequency (60 kHz) area in the DM. The average of the coordinates of neurons projecting to a low-frequency area was set as the origin. In 3 mice, 33 neurons
projecting to the low-frequency area of the DM and 28 neurons projecting to the high-frequency area were found. ***P � 0.001, Mann-Whitney U-test. L: 3-dimensional
schematic view of the relative locations of 4 compartments within MGv. The schema of the compartment projecting to the insular auditory field (IAF), AAF, or AI was
compensated, according to the elegant study by Takemoto et al. (2014) and, in part, the study by Horie et al. (2013).

2915NEWLY DELINEATED REGION IN MOUSE AUDITORY CORTEX

J Neurophysiol • doi:10.1152/jn.00932.2014 • www.jn.org

al. 2012) or that the strong frequency gradient traveled across
these two different regions (Issa et al. 2014).

Another benefit of flavoprotein fluorescence imaging is that
variability of the signal amplitudes in �F/F0 is very small in

each mouse, especially when transcranial imaging is per-
formed. Because the skull of a mouse is transparent, and
flavoproteins exist originally in neurons, we can observe the
same pattern of responses transcranially without craniotomy,
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scribed in previous studies. Thus it is no wonder that the small
trough between the DM and the ventral AI high-frequency area
was not found in previous studies using unit recording. The
DM is sensitive to ultrasonic sounds over 40 kHz, and the

response of the AI is somewhat weaker than that of the DM.
These factors might have led to the conclusion that a single
frequency gradient extended from the AI low-frequency area to
the DM in previous electrophysiological experiments (Guo et
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2915NEWLY DELINEATED REGION IN MOUSE AUDITORY CORTEX

J Neurophysiol • doi:10.1152/jn.00932.2014 • www.jn.org

al. 2012) or that the strong frequency gradient traveled across
these two different regions (Issa et al. 2014).

Another benefit of flavoprotein fluorescence imaging is that
variability of the signal amplitudes in �F/F0 is very small in

each mouse, especially when transcranial imaging is per-
formed. Because the skull of a mouse is transparent, and
flavoproteins exist originally in neurons, we can observe the
same pattern of responses transcranially without craniotomy,
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which might confound the results. Moreover, as flavoproteins
are an endogenous protein in the mitochondrial electron trans-
port chain, it is very unlikely that flavoproteins work as a
calcium chelator and have some artificial effects on the calcium
dynamics, which is essential for the induction of cortical
plasticity (Zucker 1999).

Finally, we were able to combine flavoprotein fluorescence
imaging with anatomical techniques using fluorescent traces,
because the flavoprotein signals were much weaker than those
from the fluorescent tracers. The combination of flavoprotein
fluorescence imaging and microinjection of a retrograde fluo-
rescent tracer could reveal multiple compartments in the MGv.
Because the MGv is located deep within the brain, it is difficult
to perform precise MGv experiments without anatomical stud-
ies. Direct optical imaging to observe responses in the MGv
has not been reported. Although functional MRI (fMRI) im-
aging can be used to observe activities deep within the brain,
the spatial resolution is too low to find multiple compartments
in the mouse MGv. Without the fine spatial resolution achieved
by anatomical studies, the precise multicompartments with a
distinct frequency gradient (Fig. 13L) could not be visualized,
because the general concept of one frequency organization in
one region is also applicable in mice. The combination of
optical imaging and localized tracer injection into functionally
identified, small cortical regions is expected to be greatly
advantageous for detecting fine topological organization in
other sensory cortices other than the auditory cortex.

New definition of regions included in the mouse auditory
cortex. Our findings suggest that the term UF might not be
appropriate. Stiebler et al. (1997) defined the UF as a distinct,
frequency-unorganized region, where neurons have a charac-
teristic frequency over 50 kHz (Fig. 1A). Then, UF as a distinct
region was denied, and the term UF has also been used to
indicate the high-frequency area of the AAF and AI (Fig. 1B)
(Guo et al. 2012) or only the dorsal AI high-frequency area
(Fig. 1C) (Issa et al. 2014). However, optical imaging revealed
that frequency direction of the AAF runs ventrocaudally (Issa
et al. 2014) and that the AII has the distinct frequency orga-
nization (Issa et al. 2014; Kubota et al. 2008). By delineating
the DM, we have identified the four distinct frequency-orga-
nized regions of the AAF, AI, DM, and AII, in total, each of
which has its own high-frequency area (up to 80 kHz) corre-
sponding to the UF. Optical imaging also revealed that a vacant
region insensitive to pure tones containing vocalization-spe-
cific neurons is located between the AAF and AI dorsal
high-frequency area (Issa et al. 2014), and we have already
reported that the region between the AAF and DM is respon-
sive to slow FM components, regardless of tonal frequency
range (Fig. 1D) (Honma et al. 2013; Tsukano et al. 2013b).
These facts indicate that the distinct FM-sensitive region exists
in this area in the mouse auditory cortex, similar to that
observed in bats (Suga and Jen 1976). Actually, there is a
possibility that Stiebler et al. (1997) might perform recordings
without distinguishing between the DM and frequency-unor-
ganized, FM-sensitive region. They mentioned in their paper
that neurons observed in the rostral part of the UF were FM
sensitive but not tone sensitive (Stiebler et al. 1997). The
confusion of two different regions might obscure a frequency-
organized structure and lead to the misconception that UF was
not frequency organized (Stiebler et al. 1997). Overall, we
propose to subdivide the dorsal part of the auditory cortex

precisely and to assign new, anatomical names: the dorsoan-
terior field (DA) to the FM-sensitive region just dorsal to the
AAF and the DM to the region newly identified in the present
study (Fig. 1D), in addition to the classical DP named previ-
ously (Stiebler et al. 1997).

Multiple frequency organizations have been found in various
mammals. By identifying the DM with a distinct frequency
gradient using flavoprotein fluorescence imaging, multiple fre-
quency organizations were revealed in the mouse auditory
cortex in the present study. In primates, frequency-organized
structures exist in the belt region besides the core region. With
the use of fMRI, it was revealed that the caudal-medial (CM)
field in macaques, which belongs to the belt, has stronger
frequency gradient than do fields in the core, and other belt
fields also have a frequency gradient (Petkov et al. 2006).
Moreover, multiple frequency-organized structures were also
found in rodents, such as guinea pigs (Nishimura et al. 2007),
ferrets (Bizley and King 2009), chinchillas (Harel et al. 2000),
and rats (Higgins et al. 2010; Kalatsky et al. 2005) using
optical imaging. Especially the auditory cortical maps revealed
in rats (Higgins et al. 2010; Kalatsky et al. 2005) are quite
similar to those we revealed in mice. Several imaging studies
have revealed that the AII is frequency organized in mice (Issa
et al. 2014; Kubota et al. 2008). The IAF in the mouse insular
cortex anterior to the auditory cortex is also frequency orga-
nized (Sawatari et al. 2011; Takemoto et al. 2014). Hence, at
least five frequency-organized regions exist inside and near the
auditory cortex in mice. Each frequency-organized region
receives distinct thalamic information from equivalent com-
partments with a distinct frequency organization in the MGv
(Fig. 13L) (Horie et al. 2013; Takemoto et al. 2014), and the
sound responses are presumably conveyed through the course
of the hierarchical, inter-regional processing in the auditory
cortex (Fig. 14) (Kaas and Hackett 2000; Kubota et al. 2005).

The basic concept of “core and belt” prevails in the auditory
cortex across species (Winer and Schreiner 2011). The core
region contains the AAF and AI, which receive dense projec-
tions from the frequency-organized MGv and process lemnis-
cal information from the cochlea. The belt region surrounding
the core receives nonlemniscal information from the frequen-
cy-unorganized MGd across species basically (Winer and
Schreiner 2011). Although the DM in mice is located dorsal to
the AAF and AI and should be considered as the belt (Fig. 1D),
the DM has a clear frequency gradient and receives topo-
graphic thalamic inputs directly from the MGv (Fig. 13). In
rats, the ventral auditory field, which is frequency organized
and placed ventral to the AAF and AI, also receives dense
thalamic projections from the caudal part of the MGv (Storace
et al. 2010). These findings suggest that the belt regions in
rodents receive frequency-organized, lemniscal-thalamic infor-
mation directly. In contrast, the belt fields with a frequency
organization, including the CM, receive thalamic inputs from
the frequency-unorganized MGd in marmosets (de la Mothe et
al. 2012), suggesting that the frequency representation in the
belt may derive from the core after intracortical interactions in
primates. Although these present and prior observations sug-
gest that rodents and primates have multiple frequency-orga-
nized belt auditory fields, it remains to be seen to what degree
these fields are functionally homologous or analogous between
rodents and primates.
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Many animal species use ultrasonic frequencies for naviga-
tion or communication with others. Actually, rodents commu-
nicate with each other using ultrasonic frequency vocalization
over 50 kHz. Ultrasonic songs produced by male mice induce
exploratory behaviors in female mice (Hammerschmidt et al.
2009; Holy and Guo 2005), and isolated pups attempt to
communicate with their mother by producing isolation calls
(Ehret 2005; Hahn and Schanz 2005). Therefore, it is critical
for mice to receive and process ultrasonic sounds. The DM has
fewer neurons with low BFs and responds well to ultrasonic
sounds compared with the AI (Figs. 5, D and E, and 6).
Moreover, strong plasticity is not induced in the DM by
acoustic exposure (Fig. 9). The degree of variability in the
frequency organization in cellular resolution recording is less
marked in the DM than in the AI (Fig. 6). These data imply that
the DM is not dynamically regulated by learning; instead, the
DM is dedicated for processing some congenitally important
sounds, such as courtship chirps, as shown in Fig. 14.

The DM may play a role of recipient and relay point for
processing of courtship songs. The thalamocortical auditory
pathway comprises parallel pathways, and each region in the
auditory cortex receives a topological projection from the
corresponding subregion in the MGv (Horie et al. 2013; Take-
moto et al. 2014). The DM receives dense projections directly
from the rostral part of the MGv (Fig. 13) and is the first region
to be activated in both sexes by a male courtship song. These
data imply that the MGv determines the region of the auditory
cortex to which song information will be sent. A characteristic
waveform and frequency included in voices emitted under a
specific condition (Hammerschmidt et al. 2009; Holy and Guo
2005; Insel et al. 1986) may selectively activate gating chan-
nels in the thalamus (Schiff et al. 2013) to choose a specific
recipient in the auditory cortex. Furthermore, there was a
significant difference in response amplitudes of a male court-
ship song in the DM between sexes (Fig. 14F), which may
reflect the results of previous behavioral studies that female
mice respond specifically to male courtship songs (Hammer-
schmidt et al. 2009). The auditory cortex is required for fear
conditioning using complex sounds (Letzkus et al. 2011).
Therefore, subregions of the auditory cortex may themselves
have roles for evaluating the biological meanings attached to
natural sounds.
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which might confound the results. Moreover, as flavoproteins
are an endogenous protein in the mitochondrial electron trans-
port chain, it is very unlikely that flavoproteins work as a
calcium chelator and have some artificial effects on the calcium
dynamics, which is essential for the induction of cortical
plasticity (Zucker 1999).

Finally, we were able to combine flavoprotein fluorescence
imaging with anatomical techniques using fluorescent traces,
because the flavoprotein signals were much weaker than those
from the fluorescent tracers. The combination of flavoprotein
fluorescence imaging and microinjection of a retrograde fluo-
rescent tracer could reveal multiple compartments in the MGv.
Because the MGv is located deep within the brain, it is difficult
to perform precise MGv experiments without anatomical stud-
ies. Direct optical imaging to observe responses in the MGv
has not been reported. Although functional MRI (fMRI) im-
aging can be used to observe activities deep within the brain,
the spatial resolution is too low to find multiple compartments
in the mouse MGv. Without the fine spatial resolution achieved
by anatomical studies, the precise multicompartments with a
distinct frequency gradient (Fig. 13L) could not be visualized,
because the general concept of one frequency organization in
one region is also applicable in mice. The combination of
optical imaging and localized tracer injection into functionally
identified, small cortical regions is expected to be greatly
advantageous for detecting fine topological organization in
other sensory cortices other than the auditory cortex.

New definition of regions included in the mouse auditory
cortex. Our findings suggest that the term UF might not be
appropriate. Stiebler et al. (1997) defined the UF as a distinct,
frequency-unorganized region, where neurons have a charac-
teristic frequency over 50 kHz (Fig. 1A). Then, UF as a distinct
region was denied, and the term UF has also been used to
indicate the high-frequency area of the AAF and AI (Fig. 1B)
(Guo et al. 2012) or only the dorsal AI high-frequency area
(Fig. 1C) (Issa et al. 2014). However, optical imaging revealed
that frequency direction of the AAF runs ventrocaudally (Issa
et al. 2014) and that the AII has the distinct frequency orga-
nization (Issa et al. 2014; Kubota et al. 2008). By delineating
the DM, we have identified the four distinct frequency-orga-
nized regions of the AAF, AI, DM, and AII, in total, each of
which has its own high-frequency area (up to 80 kHz) corre-
sponding to the UF. Optical imaging also revealed that a vacant
region insensitive to pure tones containing vocalization-spe-
cific neurons is located between the AAF and AI dorsal
high-frequency area (Issa et al. 2014), and we have already
reported that the region between the AAF and DM is respon-
sive to slow FM components, regardless of tonal frequency
range (Fig. 1D) (Honma et al. 2013; Tsukano et al. 2013b).
These facts indicate that the distinct FM-sensitive region exists
in this area in the mouse auditory cortex, similar to that
observed in bats (Suga and Jen 1976). Actually, there is a
possibility that Stiebler et al. (1997) might perform recordings
without distinguishing between the DM and frequency-unor-
ganized, FM-sensitive region. They mentioned in their paper
that neurons observed in the rostral part of the UF were FM
sensitive but not tone sensitive (Stiebler et al. 1997). The
confusion of two different regions might obscure a frequency-
organized structure and lead to the misconception that UF was
not frequency organized (Stiebler et al. 1997). Overall, we
propose to subdivide the dorsal part of the auditory cortex

precisely and to assign new, anatomical names: the dorsoan-
terior field (DA) to the FM-sensitive region just dorsal to the
AAF and the DM to the region newly identified in the present
study (Fig. 1D), in addition to the classical DP named previ-
ously (Stiebler et al. 1997).

Multiple frequency organizations have been found in various
mammals. By identifying the DM with a distinct frequency
gradient using flavoprotein fluorescence imaging, multiple fre-
quency organizations were revealed in the mouse auditory
cortex in the present study. In primates, frequency-organized
structures exist in the belt region besides the core region. With
the use of fMRI, it was revealed that the caudal-medial (CM)
field in macaques, which belongs to the belt, has stronger
frequency gradient than do fields in the core, and other belt
fields also have a frequency gradient (Petkov et al. 2006).
Moreover, multiple frequency-organized structures were also
found in rodents, such as guinea pigs (Nishimura et al. 2007),
ferrets (Bizley and King 2009), chinchillas (Harel et al. 2000),
and rats (Higgins et al. 2010; Kalatsky et al. 2005) using
optical imaging. Especially the auditory cortical maps revealed
in rats (Higgins et al. 2010; Kalatsky et al. 2005) are quite
similar to those we revealed in mice. Several imaging studies
have revealed that the AII is frequency organized in mice (Issa
et al. 2014; Kubota et al. 2008). The IAF in the mouse insular
cortex anterior to the auditory cortex is also frequency orga-
nized (Sawatari et al. 2011; Takemoto et al. 2014). Hence, at
least five frequency-organized regions exist inside and near the
auditory cortex in mice. Each frequency-organized region
receives distinct thalamic information from equivalent com-
partments with a distinct frequency organization in the MGv
(Fig. 13L) (Horie et al. 2013; Takemoto et al. 2014), and the
sound responses are presumably conveyed through the course
of the hierarchical, inter-regional processing in the auditory
cortex (Fig. 14) (Kaas and Hackett 2000; Kubota et al. 2005).

The basic concept of “core and belt” prevails in the auditory
cortex across species (Winer and Schreiner 2011). The core
region contains the AAF and AI, which receive dense projec-
tions from the frequency-organized MGv and process lemnis-
cal information from the cochlea. The belt region surrounding
the core receives nonlemniscal information from the frequen-
cy-unorganized MGd across species basically (Winer and
Schreiner 2011). Although the DM in mice is located dorsal to
the AAF and AI and should be considered as the belt (Fig. 1D),
the DM has a clear frequency gradient and receives topo-
graphic thalamic inputs directly from the MGv (Fig. 13). In
rats, the ventral auditory field, which is frequency organized
and placed ventral to the AAF and AI, also receives dense
thalamic projections from the caudal part of the MGv (Storace
et al. 2010). These findings suggest that the belt regions in
rodents receive frequency-organized, lemniscal-thalamic infor-
mation directly. In contrast, the belt fields with a frequency
organization, including the CM, receive thalamic inputs from
the frequency-unorganized MGd in marmosets (de la Mothe et
al. 2012), suggesting that the frequency representation in the
belt may derive from the core after intracortical interactions in
primates. Although these present and prior observations sug-
gest that rodents and primates have multiple frequency-orga-
nized belt auditory fields, it remains to be seen to what degree
these fields are functionally homologous or analogous between
rodents and primates.
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Many animal species use ultrasonic frequencies for naviga-
tion or communication with others. Actually, rodents commu-
nicate with each other using ultrasonic frequency vocalization
over 50 kHz. Ultrasonic songs produced by male mice induce
exploratory behaviors in female mice (Hammerschmidt et al.
2009; Holy and Guo 2005), and isolated pups attempt to
communicate with their mother by producing isolation calls
(Ehret 2005; Hahn and Schanz 2005). Therefore, it is critical
for mice to receive and process ultrasonic sounds. The DM has
fewer neurons with low BFs and responds well to ultrasonic
sounds compared with the AI (Figs. 5, D and E, and 6).
Moreover, strong plasticity is not induced in the DM by
acoustic exposure (Fig. 9). The degree of variability in the
frequency organization in cellular resolution recording is less
marked in the DM than in the AI (Fig. 6). These data imply that
the DM is not dynamically regulated by learning; instead, the
DM is dedicated for processing some congenitally important
sounds, such as courtship chirps, as shown in Fig. 14.

The DM may play a role of recipient and relay point for
processing of courtship songs. The thalamocortical auditory
pathway comprises parallel pathways, and each region in the
auditory cortex receives a topological projection from the
corresponding subregion in the MGv (Horie et al. 2013; Take-
moto et al. 2014). The DM receives dense projections directly
from the rostral part of the MGv (Fig. 13) and is the first region
to be activated in both sexes by a male courtship song. These
data imply that the MGv determines the region of the auditory
cortex to which song information will be sent. A characteristic
waveform and frequency included in voices emitted under a
specific condition (Hammerschmidt et al. 2009; Holy and Guo
2005; Insel et al. 1986) may selectively activate gating chan-
nels in the thalamus (Schiff et al. 2013) to choose a specific
recipient in the auditory cortex. Furthermore, there was a
significant difference in response amplitudes of a male court-
ship song in the DM between sexes (Fig. 14F), which may
reflect the results of previous behavioral studies that female
mice respond specifically to male courtship songs (Hammer-
schmidt et al. 2009). The auditory cortex is required for fear
conditioning using complex sounds (Letzkus et al. 2011).
Therefore, subregions of the auditory cortex may themselves
have roles for evaluating the biological meanings attached to
natural sounds.
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Abstract
Clustered protocadherins (cPcdhs) comprising cPcdh-a, -b,
and -c, encode a large family of cadherin-like cell-adhesion
molecules specific to neurons. Impairment of cPcdh-a results in
abnormal neuronal projection patterns in specific brain areas.
To elucidate the role of cPcdh-a in retinogeniculate projections,
we investigated the morphological patterns of retinogeniculate
terminals in the lateral geniculate (LG) nucleus of mice with
impaired cPcdh-a. We found huge aggregated retinogeniculate
terminals in the dorsal LG nucleus, whereas no such aggre-
gated terminals derived from the retina were observed in the
olivary pretectal nucleus and the ventral LG nucleus. These

aggregated terminals appeared between P10 and P14, just
before eye opening and at the beginning of the refinement
stage of the retinogeniculate projections. Reduced visual acuity
was observed in adult mice with impaired cPcdh-a, whereas the
orientation selectivity and direction selectivity of neurons in the
primary visual cortex were apparently normal. These findings
suggest that cPcdh-a is required for adequate spacing of
retinogeniculate projections, which may be essential for normal
development of visual acuity.
Keywords: aggregated terminals, lateral geniculate nucleus,
protocadherin, retinal terminals, visual acuity.
J. Neurochem. (2015) 133, 66–72.

Clustered protocadherins (cPcdhs) are the largest subgroup of
the cadherin superfamily of neuronal adhesion molecules
(Kohmura et al. 1998; Junghans et al. 2005; Shapiro et al.
2007; Yagi 2012). Mammalian cPcdh genes consist of three
families, cPcdh-a, -b, and -c, each of which has a clustered
structure in a small genome locus on a single chromosome (Wu
2005). In normal mice, olfactory sensory neurons expressing
the same odorant receptor project their axons into a specific
glomerulus in the main olfactory bulb (Mori and Sakano
2011). However, these projection patterns are abnormal in
cPcdh-a knockout (KO) mice, in which the constant region of
cPcdh-a is deleted (Hasegawa et al. 2008). Furthermore,
abnormal aggregation of serotonergic axons is observed in
cPcdh-aKOmice (Katori et al. 2009), suggesting that cPcdh-
a is important for the normal development of axonal projection
patterns derived from specific types of neurons.

In the visual system of mice, cPcdh-a is expressed in the
optic nerve fibers, in the lateral geniculate nucleus (LG), and
in the primary visual cortex (V1) for 2 weeks after birth
(Morishita et al. 2004). This period before eye opening is
very important for eye-specific segregation of the retinogen-
iculate fibers (Jaubert-Miazza et al. 2005; Guido 2008), the
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refinement of retinogeniculate synapses (Chen and Regehr
2000; Hooks and Chen 2006, 2008; Liu and Chen 2008), and
the maturation of inhibitory neurons (Golding et al. 2014) in
the dorsal LG (LGd). In the present study, we thus
investigated the morphology of retinogeniculate terminals
in cPcdh-a KO mice and found abnormally aggregated
terminals mainly in LGd. These aggregated terminals found
in adults were also observed at P14 but not until P10. The
abnormal aggregation can result in impaired transmission of
visual information through LGd. As expected, we found
significantly deteriorated visual acuity in cPcdh-a KO mice,
which was determined using a behavioral test (Prusky et al.
2000), whereas the orientation tuning of V1 neurons was
apparently normal in cPcdh-a KO mice.

Materials and methods

Animal experiments

We used male and female mice of cPcdh-a-KO (Hasegawa et al.
2008) and C57BL/6J strain obtained from Charles River Japan
(Tokyo, Japan). All experiments were performed in accordance with
the guide for the Care and Use of Laboratory Animals of the Science
Council of Japan, and were approved by the Animal Experiment
Committee of Niigata University.

Neural tracing experiments

Five wild type (WT) mice and five cPcdh-a KO mice of aged 8–
10 weeks were anesthetized intraperitoneally with a mixture of
ketamine (300 mg/kg; Daiichi-Sankyo, Tokyo, Japan) and xylazine
(30 mg/mL; Bayer, Leverkusen, Germany). The cholera toxin b
subunit (CTb, 5 ng in 1 lL of saline; List Biological Laboratories,
Campbell, CA, USA), an anterograde neural tracer, was injected
into the left eye using a glass pipette. Five days after the injection,
the mice were anesthetized with an overdose of pentobarbital
(100 mg/kg, i.p.) and perfused with phosphate-buffered saline,
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.2). For the developmental study, two WT and two cPcdh-a KO
mice at each of P10, P14, and P19 were tested in a similar manner
with a minimum survival time of 48 h for CTb transportation (Wu
et al. 2000). The transported CTb in LG was visualized as
described previously (Horie et al. 2013). Briefly, 50 lm coronal
sections, prepared using a cryostat, were incubated with a goat
polyclonal anti-CTb antibody (1 : 8000 dilution; List Biological
Laboratories) overnight, followed by incubation with a biotinylated
anti-goat IgG antibody (1 : 200 dilution; Jackson, West Grove,
PA, USA) for 2 h. The sections were further incubated with an
avidin–biotin complex (1 : 100 dilution; Vector Laboratories,
Burlingame, CA, USA) and the CTb immunoreactivity was
visualized with oxidized diaminobenzidine. The reacted sections
were mounted on gelatin-coated glass slides and air-dried. Some
serial CTb-labeled sections were counter-stained with cresyl violet.
Sections were observed using a microscope (BX-50; Olympus,
Tokyo, Japan) and images were acquired using a CCD camera
(CS-600; Olympus). The terminal size measurement was taken
using a program based on Matlab (Mathworks, Natick, MA, USA).
To visualize the corticogeniculate fibers in two of the each WT
and cPcdh-a mice, biotinylated dextran amine (BDA-3000;

Invitrogen, Carlsbad, CA, USA) was injected into V1, as described
previously (Horie et al. 2013; Tohmi et al. 2014).

Two-photon calcium imaging of V1 neurons

Orientation selectivity and direction selectivity in V1 neurons were
tested using two-photon calcium imaging in five WT and five
cPcdh-a KO mice. The two-photon calcium imaging was performed
as described previously (Honma et al. 2013; Yoshitake et al. 2013;
Tohmi et al. 2014). Briefly, V1 was identified using flavoprotein
fluorescence imaging in mice anesthetized with urethane (1.75 g/kg,
i.p.). After removing the skull above V1, a glass pipette filled with
the cocktail of fura-2 AM (Invitrogen) and sulforhodamine 101 (SR-
101; Invitrogen) was inserted at the center of V1 and was advanced
into the supragranular layers, down to a depth of 200–300 lm from
the surface. The cocktail was injected using a pressure of 4–15 kPa
for 5–10 min, so that the cells in the area located 200–300 mm from
the tip of the pipette were labeled with fura-2. Astrocytes labeled
with SR-101 were excluded from further analysis. After the mice
were set under a two-photon microscope (TCS SP5 MP; Leica
Microsystems, Wetzlar, Germany), grating patterns moving in eight
directions (from 0° to 315° in 45° steps) were administered to the
mice and V1 neuronal responses were analyzed, as described
previously (Honma et al. 2013; Yoshitake et al. 2013).

Behavioral assessment of visual acuity

Visual acuity of mice was measured via a visual water maze task
developed by Prusky and coworkers (Prusky et al. 2000; Prusky and
Douglas 2004). Ten WT and nine cPcdh-a KO mice (aged 7–
12 weeks) were trained and tested in the visual water maze task in
32 trials every day to assess their visual acuity. During the training
phase, they were trained to choose a sine-wave vertical grating
pattern at a low spatial frequency (0.14 cycles/degree) from a
homogeneous gray pattern with the same averaged luminous
intensity. In the subsequent testing phase, the limit of their
discriminatory ability was assessed at spatial frequencies higher
than 0.14 cycles/degree. A preliminary grating threshold was
established at which the mice achieved 70% correct choices. The
spatial frequencies around the threshold were retested and the
average performance was calculated to plot a frequency-of-seeing
curve. The point at 70% accuracy was determined from the curve
and was defined as the visual acuity.

Statistical tests

The Kormogorv–Smirnov test was used to evaluate the differences
in the cumulative distributions of terminal area sizes between WT
and cPcdh-a mice. For group comparisons, the Mann–Whitney U
test was used.

Results

Abnormal aggregation of retinogeniculate terminals in

cPcdh-a KO mice

The gross anatomical features of the thalamus and the tectum
were checked inWT (Fig. 1a) and cPcdh-aKO (Fig. 1b) mice
aged 8–10 weeks. The distribution of CTb-positive terminals
originating from the contralateral eye was apparently similar
between the two types of mice. At a higher magnification,
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and -c, encode a large family of cadherin-like cell-adhesion
molecules specific to neurons. Impairment of cPcdh-a results in
abnormal neuronal projection patterns in specific brain areas.
To elucidate the role of cPcdh-a in retinogeniculate projections,
we investigated the morphological patterns of retinogeniculate
terminals in the lateral geniculate (LG) nucleus of mice with
impaired cPcdh-a. We found huge aggregated retinogeniculate
terminals in the dorsal LG nucleus, whereas no such aggre-
gated terminals derived from the retina were observed in the
olivary pretectal nucleus and the ventral LG nucleus. These

aggregated terminals appeared between P10 and P14, just
before eye opening and at the beginning of the refinement
stage of the retinogeniculate projections. Reduced visual acuity
was observed in adult mice with impaired cPcdh-a, whereas the
orientation selectivity and direction selectivity of neurons in the
primary visual cortex were apparently normal. These findings
suggest that cPcdh-a is required for adequate spacing of
retinogeniculate projections, which may be essential for normal
development of visual acuity.
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Clustered protocadherins (cPcdhs) are the largest subgroup of
the cadherin superfamily of neuronal adhesion molecules
(Kohmura et al. 1998; Junghans et al. 2005; Shapiro et al.
2007; Yagi 2012). Mammalian cPcdh genes consist of three
families, cPcdh-a, -b, and -c, each of which has a clustered
structure in a small genome locus on a single chromosome (Wu
2005). In normal mice, olfactory sensory neurons expressing
the same odorant receptor project their axons into a specific
glomerulus in the main olfactory bulb (Mori and Sakano
2011). However, these projection patterns are abnormal in
cPcdh-a knockout (KO) mice, in which the constant region of
cPcdh-a is deleted (Hasegawa et al. 2008). Furthermore,
abnormal aggregation of serotonergic axons is observed in
cPcdh-aKOmice (Katori et al. 2009), suggesting that cPcdh-
a is important for the normal development of axonal projection
patterns derived from specific types of neurons.

In the visual system of mice, cPcdh-a is expressed in the
optic nerve fibers, in the lateral geniculate nucleus (LG), and
in the primary visual cortex (V1) for 2 weeks after birth
(Morishita et al. 2004). This period before eye opening is
very important for eye-specific segregation of the retinogen-
iculate fibers (Jaubert-Miazza et al. 2005; Guido 2008), the
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refinement of retinogeniculate synapses (Chen and Regehr
2000; Hooks and Chen 2006, 2008; Liu and Chen 2008), and
the maturation of inhibitory neurons (Golding et al. 2014) in
the dorsal LG (LGd). In the present study, we thus
investigated the morphology of retinogeniculate terminals
in cPcdh-a KO mice and found abnormally aggregated
terminals mainly in LGd. These aggregated terminals found
in adults were also observed at P14 but not until P10. The
abnormal aggregation can result in impaired transmission of
visual information through LGd. As expected, we found
significantly deteriorated visual acuity in cPcdh-a KO mice,
which was determined using a behavioral test (Prusky et al.
2000), whereas the orientation tuning of V1 neurons was
apparently normal in cPcdh-a KO mice.

Materials and methods

Animal experiments

We used male and female mice of cPcdh-a-KO (Hasegawa et al.
2008) and C57BL/6J strain obtained from Charles River Japan
(Tokyo, Japan). All experiments were performed in accordance with
the guide for the Care and Use of Laboratory Animals of the Science
Council of Japan, and were approved by the Animal Experiment
Committee of Niigata University.

Neural tracing experiments

Five wild type (WT) mice and five cPcdh-a KO mice of aged 8–
10 weeks were anesthetized intraperitoneally with a mixture of
ketamine (300 mg/kg; Daiichi-Sankyo, Tokyo, Japan) and xylazine
(30 mg/mL; Bayer, Leverkusen, Germany). The cholera toxin b
subunit (CTb, 5 ng in 1 lL of saline; List Biological Laboratories,
Campbell, CA, USA), an anterograde neural tracer, was injected
into the left eye using a glass pipette. Five days after the injection,
the mice were anesthetized with an overdose of pentobarbital
(100 mg/kg, i.p.) and perfused with phosphate-buffered saline,
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.2). For the developmental study, two WT and two cPcdh-a KO
mice at each of P10, P14, and P19 were tested in a similar manner
with a minimum survival time of 48 h for CTb transportation (Wu
et al. 2000). The transported CTb in LG was visualized as
described previously (Horie et al. 2013). Briefly, 50 lm coronal
sections, prepared using a cryostat, were incubated with a goat
polyclonal anti-CTb antibody (1 : 8000 dilution; List Biological
Laboratories) overnight, followed by incubation with a biotinylated
anti-goat IgG antibody (1 : 200 dilution; Jackson, West Grove,
PA, USA) for 2 h. The sections were further incubated with an
avidin–biotin complex (1 : 100 dilution; Vector Laboratories,
Burlingame, CA, USA) and the CTb immunoreactivity was
visualized with oxidized diaminobenzidine. The reacted sections
were mounted on gelatin-coated glass slides and air-dried. Some
serial CTb-labeled sections were counter-stained with cresyl violet.
Sections were observed using a microscope (BX-50; Olympus,
Tokyo, Japan) and images were acquired using a CCD camera
(CS-600; Olympus). The terminal size measurement was taken
using a program based on Matlab (Mathworks, Natick, MA, USA).
To visualize the corticogeniculate fibers in two of the each WT
and cPcdh-a mice, biotinylated dextran amine (BDA-3000;

Invitrogen, Carlsbad, CA, USA) was injected into V1, as described
previously (Horie et al. 2013; Tohmi et al. 2014).

Two-photon calcium imaging of V1 neurons

Orientation selectivity and direction selectivity in V1 neurons were
tested using two-photon calcium imaging in five WT and five
cPcdh-a KO mice. The two-photon calcium imaging was performed
as described previously (Honma et al. 2013; Yoshitake et al. 2013;
Tohmi et al. 2014). Briefly, V1 was identified using flavoprotein
fluorescence imaging in mice anesthetized with urethane (1.75 g/kg,
i.p.). After removing the skull above V1, a glass pipette filled with
the cocktail of fura-2 AM (Invitrogen) and sulforhodamine 101 (SR-
101; Invitrogen) was inserted at the center of V1 and was advanced
into the supragranular layers, down to a depth of 200–300 lm from
the surface. The cocktail was injected using a pressure of 4–15 kPa
for 5–10 min, so that the cells in the area located 200–300 mm from
the tip of the pipette were labeled with fura-2. Astrocytes labeled
with SR-101 were excluded from further analysis. After the mice
were set under a two-photon microscope (TCS SP5 MP; Leica
Microsystems, Wetzlar, Germany), grating patterns moving in eight
directions (from 0° to 315° in 45° steps) were administered to the
mice and V1 neuronal responses were analyzed, as described
previously (Honma et al. 2013; Yoshitake et al. 2013).

Behavioral assessment of visual acuity

Visual acuity of mice was measured via a visual water maze task
developed by Prusky and coworkers (Prusky et al. 2000; Prusky and
Douglas 2004). Ten WT and nine cPcdh-a KO mice (aged 7–
12 weeks) were trained and tested in the visual water maze task in
32 trials every day to assess their visual acuity. During the training
phase, they were trained to choose a sine-wave vertical grating
pattern at a low spatial frequency (0.14 cycles/degree) from a
homogeneous gray pattern with the same averaged luminous
intensity. In the subsequent testing phase, the limit of their
discriminatory ability was assessed at spatial frequencies higher
than 0.14 cycles/degree. A preliminary grating threshold was
established at which the mice achieved 70% correct choices. The
spatial frequencies around the threshold were retested and the
average performance was calculated to plot a frequency-of-seeing
curve. The point at 70% accuracy was determined from the curve
and was defined as the visual acuity.

Statistical tests

The Kormogorv–Smirnov test was used to evaluate the differences
in the cumulative distributions of terminal area sizes between WT
and cPcdh-a mice. For group comparisons, the Mann–Whitney U
test was used.

Results

Abnormal aggregation of retinogeniculate terminals in

cPcdh-a KO mice

The gross anatomical features of the thalamus and the tectum
were checked inWT (Fig. 1a) and cPcdh-aKO (Fig. 1b) mice
aged 8–10 weeks. The distribution of CTb-positive terminals
originating from the contralateral eye was apparently similar
between the two types of mice. At a higher magnification,
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however, many aggregated terminals were found in LGd of
cPcdh-aKOmice (Fig. 1d and f) but not in WT mice (Fig. 1c
and e). Some aggregated terminals (arrows in Fig. 1d) were
comparable in size to the soma of Nissl-stained LGd neurons.
The abnormally aggregated terminals were intermingled with

apparently normal terminals in the LGd of cPcdh-a KO mice.
Such abnormal terminals were also observed in the ipsilateral
retinogeniculate projection, within the other side of LGd.
Some aggregated terminals were also found in the intergen-
iculate leaflet, whereas few were observed in the olivary
pretectal nucleus and in the ventral LG (LGv) in cPcdh-a KO
and WT mice (data not shown). As a control, we tested the
distribution pattern of corticogeniculate terminals, which
represent another main input into the LGd. BDA-positive
terminals in LGd, labeled after BDA injection into V1, were
not aggregated, and were apparently similar between a WT
(Fig. 1g) and a cPcdh-a (Fig. 1h) mouse.

Quantitative analysis of isolated retinogeniculate terminals
in cPcdh-a-KO mice

We arbitrarily categorized the aggregated retinogeniculate
terminals into three types on the basis of their approximate
sizes: large (≥ 100 lm2), medium (< 100 and > 40 lm2),
and small (≤ 40 lm2) types. The large type was distributed
all over the LGd in cPcdh-a KO mice, except the area
receiving CTb-negative terminals from the ipsilateral eye
(Fig. 2b). In WT mice, only a few terminals of the large type
appeared near the lateral surface of the LGd (Fig. 2a). The
medium terminals were observed throughout the LGd in both
types of mice (Fig. 2a and b), and the small terminals were as
well (data not shown). A quantitative analysis of size
distribution in the isolated terminals with or without
aggregation revealed a significant difference between WT
and cPcdh-a KO mice (p < 0.001, Fig. 2c). The mean size of
the isolated terminals was 13.1 lm2 in WT mice and
27.7 lm2 in cPcdh-a KO mice. This difference was statis-
tically significant (p < 0.005, Fig. 2d). Fine terminals
(< 13.1 lm2) occupied 71% of isolated terminals in WT
mice and 56% of those in cPcdh-a KO mice. The density of
fine terminals in cPcdh-a KO mice was 62.5% of that
observed in WT mice; this difference was also statistically
significant (p < 0.005, Fig. 2e).

Appearance of the aggregated retinogeniculate terminals at
P14 in cPcdh-a KO mice

We examined the post-natal development of retinogeniculate
terminals in cPcdh-a KO mice. Gross distribution patterns
were similar between WT and cPcdh-a KO mice at all stages
after P10, including the normal completion of eye-specific
segregation patterns up to P10 (data not shown). In WT mice,
the retinogeniculate terminals did not change much in shape
and size between P10 and P19, whereas their densities were
reduced between P10 and P19 (Fig. 3a, c, and e). In cPcdh-a
mice, the aggregated retinogeniculate terminals, which were
not present at P10, were observed at P14, at the day of eye
opening (Fig. 3b and d). Dark rearing had no effect on these
results (data not shown), suggesting that visual experience is
not required for aggregation. At P19, the aggregated
terminals increased in size and were as large as those

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 1 Retinogeniculate axon terminals in cPcdh-a KO mice. (a and b)
Gross distribution patterns of cholera toxin b subunit (CTb)-positive
brown terminals derived from the contralateral eye in olivary pretectal

nucleus (OPT), dorsal LG (LGd), intergeniculate leaflet (IGL; arrow
head), and ventral LG (LGv) of a WT (a) and a cPcdh-a KO (b) mouse,
aged 8–10 weeks. Sections were processed by Nissl staining. (c and

d) Higher magnification of LGd shown in a (c) and b (d). Many
aggregated terminals (arrows) were scattered in the LGd of cPcdh-a
KO mice (d). (e and f) Other images of CTb-positive terminals at a

higher magnification in a WT (e) and a cPcdh-a (f) mouse. These
sections were not counter-stained. (g and h) Corticogeniculate termi-
nals in LGd (arrowheads) labeled after biotinylated dextran amine
(BDA) injection into the primary visual cortex (V1) of a WT (g) and a

cPcdh-a KO (h) mouse. No aggregated terminals were found. Scale
bars, 1 mm in (a and b), 20 lm in (c and d), and 10 lm in (e–h).
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observed in adult mice aged 8–10 weeks (Fig. 3f). The mean
size of the isolated terminals were 11.72, 12.58, 14.63 lm2

in two WT mice and 16.57, 20.63, 25.39 lm2 in two cPcdh-
a KO mice, at P10, P14, and P19, respectively.

Deteriorated visual acuity in cPcdh-a KO mice

The presence of the aggregated retinogeniculate terminals
suggests abnormal visual functions in cPcdh-a KO mice.
Therefore, we performed two-photon calcium imaging of the
V1 neurons. However, the orientation selectivity and direction
selectivity were apparently similar between WT and cPcdh-a

KO mice (Fig. 4a and b), as reported previously (Yoshitake
et al. 2013).We further tested the visual acuity of mice using a
behavioral test (Prusky et al. 2000), and compared the results
betweenWT and cPcdh-aKOmice (Fig. 4c). WT and cPcdh-
a KO mice similarly performed low-frequency tasks at 0.14
cycles/degree during the training phase. The visual acuity of
WT mice [0.56 � 0.01 cycles/degree (mean � SEM),
n = 10] was comparable to the values reported previously
(Prusky et al. 2000; Prusky and Douglas 2004). However, the
visual acuity of cPcdh-a KO mice (0.41 � 0.01 cycles/
degree, n = 9) was significantly deteriorated compared with
that observed in WT mice (p < 0.0003; Fig. 4d and e).

Discussion

Mechanisms underlying terminal aggregation in cPcdh-a KO

mice

In the present study, we found abnormal terminal aggrega-
tion in the LGd of cPcdh-a KO mice. Impairment of cPcdh-a
results in abnormal projection patterns from olfactory
sensory neurons expressing a given odorant receptor onto a
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Fig. 2 Quantitative analysis of isolated retinogeniculate terminals. (a

and b) Typical schematic distribution of retinal terminals at the center
level of dorsal LG (LGd), including the area that receives inputs from
the ipsilateral eye. Aggregated terminals were arbitrarily categorized

into large (≥ 100 lm2), medium (< 100 and > 40 lm2), and small
(≤ 40 lm2) types. Only the large and medium types are shown. The
areas surrounded by a dotted line received inputs from the ipsilateral

eye. (c) Cumulative distribution of area sizes. The isolated aggregated
terminal size measurement was taken on the binarized digital images
of cholera toxin b subunit (CTb)-stained sections. (d) Sizes of isolated

retinogeniculate terminals. (e) Number of fine type isolated retinogen-
iculate terminals (< 13.1 lm2) per mm2 in LGd sections. In the
analyses shown in (c–e), the areas that received inputs from the
ipsilateral eye were omitted.

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Ontogenetic observation of retinogeniculate terminals. (a, c,

and e) Retinogeniculate terminals at P10 (a), P14 (c), and P19 (e) in
WT mice. (b, d, and f) Retinogeniculate terminals at P10 (b), P14 (d),
and P19 (f) in cPcdh-a KO mice. Scale bars, 20 lm in (a–f).
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however, many aggregated terminals were found in LGd of
cPcdh-aKOmice (Fig. 1d and f) but not in WT mice (Fig. 1c
and e). Some aggregated terminals (arrows in Fig. 1d) were
comparable in size to the soma of Nissl-stained LGd neurons.
The abnormally aggregated terminals were intermingled with

apparently normal terminals in the LGd of cPcdh-a KO mice.
Such abnormal terminals were also observed in the ipsilateral
retinogeniculate projection, within the other side of LGd.
Some aggregated terminals were also found in the intergen-
iculate leaflet, whereas few were observed in the olivary
pretectal nucleus and in the ventral LG (LGv) in cPcdh-a KO
and WT mice (data not shown). As a control, we tested the
distribution pattern of corticogeniculate terminals, which
represent another main input into the LGd. BDA-positive
terminals in LGd, labeled after BDA injection into V1, were
not aggregated, and were apparently similar between a WT
(Fig. 1g) and a cPcdh-a (Fig. 1h) mouse.

Quantitative analysis of isolated retinogeniculate terminals
in cPcdh-a-KO mice

We arbitrarily categorized the aggregated retinogeniculate
terminals into three types on the basis of their approximate
sizes: large (≥ 100 lm2), medium (< 100 and > 40 lm2),
and small (≤ 40 lm2) types. The large type was distributed
all over the LGd in cPcdh-a KO mice, except the area
receiving CTb-negative terminals from the ipsilateral eye
(Fig. 2b). In WT mice, only a few terminals of the large type
appeared near the lateral surface of the LGd (Fig. 2a). The
medium terminals were observed throughout the LGd in both
types of mice (Fig. 2a and b), and the small terminals were as
well (data not shown). A quantitative analysis of size
distribution in the isolated terminals with or without
aggregation revealed a significant difference between WT
and cPcdh-a KO mice (p < 0.001, Fig. 2c). The mean size of
the isolated terminals was 13.1 lm2 in WT mice and
27.7 lm2 in cPcdh-a KO mice. This difference was statis-
tically significant (p < 0.005, Fig. 2d). Fine terminals
(< 13.1 lm2) occupied 71% of isolated terminals in WT
mice and 56% of those in cPcdh-a KO mice. The density of
fine terminals in cPcdh-a KO mice was 62.5% of that
observed in WT mice; this difference was also statistically
significant (p < 0.005, Fig. 2e).

Appearance of the aggregated retinogeniculate terminals at
P14 in cPcdh-a KO mice

We examined the post-natal development of retinogeniculate
terminals in cPcdh-a KO mice. Gross distribution patterns
were similar between WT and cPcdh-a KO mice at all stages
after P10, including the normal completion of eye-specific
segregation patterns up to P10 (data not shown). In WT mice,
the retinogeniculate terminals did not change much in shape
and size between P10 and P19, whereas their densities were
reduced between P10 and P19 (Fig. 3a, c, and e). In cPcdh-a
mice, the aggregated retinogeniculate terminals, which were
not present at P10, were observed at P14, at the day of eye
opening (Fig. 3b and d). Dark rearing had no effect on these
results (data not shown), suggesting that visual experience is
not required for aggregation. At P19, the aggregated
terminals increased in size and were as large as those

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 1 Retinogeniculate axon terminals in cPcdh-a KO mice. (a and b)
Gross distribution patterns of cholera toxin b subunit (CTb)-positive
brown terminals derived from the contralateral eye in olivary pretectal

nucleus (OPT), dorsal LG (LGd), intergeniculate leaflet (IGL; arrow
head), and ventral LG (LGv) of a WT (a) and a cPcdh-a KO (b) mouse,
aged 8–10 weeks. Sections were processed by Nissl staining. (c and

d) Higher magnification of LGd shown in a (c) and b (d). Many
aggregated terminals (arrows) were scattered in the LGd of cPcdh-a
KO mice (d). (e and f) Other images of CTb-positive terminals at a

higher magnification in a WT (e) and a cPcdh-a (f) mouse. These
sections were not counter-stained. (g and h) Corticogeniculate termi-
nals in LGd (arrowheads) labeled after biotinylated dextran amine
(BDA) injection into the primary visual cortex (V1) of a WT (g) and a

cPcdh-a KO (h) mouse. No aggregated terminals were found. Scale
bars, 1 mm in (a and b), 20 lm in (c and d), and 10 lm in (e–h).
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observed in adult mice aged 8–10 weeks (Fig. 3f). The mean
size of the isolated terminals were 11.72, 12.58, 14.63 lm2

in two WT mice and 16.57, 20.63, 25.39 lm2 in two cPcdh-
a KO mice, at P10, P14, and P19, respectively.

Deteriorated visual acuity in cPcdh-a KO mice

The presence of the aggregated retinogeniculate terminals
suggests abnormal visual functions in cPcdh-a KO mice.
Therefore, we performed two-photon calcium imaging of the
V1 neurons. However, the orientation selectivity and direction
selectivity were apparently similar between WT and cPcdh-a

KO mice (Fig. 4a and b), as reported previously (Yoshitake
et al. 2013).We further tested the visual acuity of mice using a
behavioral test (Prusky et al. 2000), and compared the results
betweenWT and cPcdh-aKOmice (Fig. 4c). WT and cPcdh-
a KO mice similarly performed low-frequency tasks at 0.14
cycles/degree during the training phase. The visual acuity of
WT mice [0.56 � 0.01 cycles/degree (mean � SEM),
n = 10] was comparable to the values reported previously
(Prusky et al. 2000; Prusky and Douglas 2004). However, the
visual acuity of cPcdh-a KO mice (0.41 � 0.01 cycles/
degree, n = 9) was significantly deteriorated compared with
that observed in WT mice (p < 0.0003; Fig. 4d and e).

Discussion

Mechanisms underlying terminal aggregation in cPcdh-a KO

mice

In the present study, we found abnormal terminal aggrega-
tion in the LGd of cPcdh-a KO mice. Impairment of cPcdh-a
results in abnormal projection patterns from olfactory
sensory neurons expressing a given odorant receptor onto a
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Fig. 2 Quantitative analysis of isolated retinogeniculate terminals. (a

and b) Typical schematic distribution of retinal terminals at the center
level of dorsal LG (LGd), including the area that receives inputs from
the ipsilateral eye. Aggregated terminals were arbitrarily categorized

into large (≥ 100 lm2), medium (< 100 and > 40 lm2), and small
(≤ 40 lm2) types. Only the large and medium types are shown. The
areas surrounded by a dotted line received inputs from the ipsilateral

eye. (c) Cumulative distribution of area sizes. The isolated aggregated
terminal size measurement was taken on the binarized digital images
of cholera toxin b subunit (CTb)-stained sections. (d) Sizes of isolated

retinogeniculate terminals. (e) Number of fine type isolated retinogen-
iculate terminals (< 13.1 lm2) per mm2 in LGd sections. In the
analyses shown in (c–e), the areas that received inputs from the
ipsilateral eye were omitted.

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Ontogenetic observation of retinogeniculate terminals. (a, c,

and e) Retinogeniculate terminals at P10 (a), P14 (c), and P19 (e) in
WT mice. (b, d, and f) Retinogeniculate terminals at P10 (b), P14 (d),
and P19 (f) in cPcdh-a KO mice. Scale bars, 20 lm in (a–f).
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single glomerulus in the olfactory bulb (Hasegawa et al.
2008). Abnormal aggregation of serotonergic fibers is also
found in cPcdh-a mice (Katori et al. 2009). The corticocor-
tical pathways connecting the primary somatosensory cor-
tices in both hemispheres are also impaired in cPcdh-a KO
mice (Yamashita et al. 2012). These findings indicate that
cPcdh-a is required for normal development of axonal

projection patterns derived from specific types of neurons.
Although cPcdh-a is expressed in most neurons, impairment
of cPcdh-a has dominant effects exclusively in specific types
of neurons or synapses. The retinal fiber innervating areas,
such as LGd, LGv, and the superior colliculus, also express
cPcdh-a, and almost all the optic tract fibers contain cPcdh-a
protein during the early post-natal stage, with abnormality
appearing in the LGv and the superior colliculus. These
findings suggest that other cPcdhs or cell-adhesion molecules
might replace cPcdh-a in other neurons or synapses.
Distinct subsets of the cPcdh cluster are expressed

differentially in individual neurons, and enormous cell
surface diversity may result from their combinatorial
expression (Kohmura et al. 1998; Wang et al. 2002a; Esumi
et al. 2005; Kaneko et al. 2006). The cell surface diversity
attributed to cPcdhs assists the formation of specific synapses
between neurons expressing similar sets of cPcdhs (Shapiro
and Colman 1999; Phillips et al. 2003; Yagi 2012). Alter-
natively, cPcdh-c supposedly plays a role in self-avoidance
between neurites that express the same sets of cPcdh-c
(Lefebvre et al. 2012; Zipursky and Grueber 2013). The
abnormal terminal aggregation observed in the LGd of
cPcdh-a KO mice can be explained by either of the following
mechanisms: it may be attributed to non-specific synapse
formation between a single LGd neuron and many retinal
ganglion cells, or the failure of avoidance between retino-
geniculate terminals, which avoid one another in WT mice.
In cPcdh-a KO mice, terminal aggregation was not

observed at P10, and appeared just before normal eye
opening at P14; thus, cPcdh-a is likely to play an important
role in the refinement process of retinogeniculate terminals
between P10 and P14 (Chen and Regehr 2000; Hooks and
Chen 2006, 2008; Liu and Chen 2008). The slight mean size
difference of retinogeniculate terminals already appeared at
P10, the starting point of the refinement process with lots of
excess terminals to be eliminated. cPcdh-a might have some
effects on the size of immature terminals. In contrast, cPcdh-
c is required for neuronal survival and for preparing
appropriate synapses in the early development of the spinal
cord (Wang et al. 2002b; Prasad et al. 2008; Prasad and
Weiner 2011; Chen et al. 2012). Moreover, cPcdh-c-deleted
mutant mice lack voluntary movements and reflexes and die
shortly after birth (Wang et al. 2002b; Chen et al. 2012).
Therefore, cPcdh-a and cPcdh-c may play distinct roles in
the neural circuit formation at different developmental stages.

Relationship between terminal aggregation and impaired

visual acuity in cPcdh-a KO mice

In the present study, we observed aggregation of retinogen-
iculate terminals and impaired visual acuity in cPcdh-a KO
mice. However, the relationship between the two phenomena
remains unclear, because there could be other abnormalities
in retinal circuits, in which cPcdh-c plays an important role
(Lefebvre et al. 2012), or in circuits higher than LGd, such
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Fig. 4 Reduced visual acuity in cPcdh-a KO mice. (a) Sample traces
of neuronal calcium response to moving grating patterns (from 0° to

315° in 45° steps) in a WT mouse (left) and a cPcdh-a KO mouse
(right). (b) Cumulative distributions of the orientation selectivity index
(OSI) of 481 neurons in WT mice and 423 neurons in cPcdh-a KO mice

(left). The distribution of the direction selectivity index (DSI) of 197
neurons in WT mice and 164 neurons in cPcdh-a KO mice is also
shown (right). DSI was estimated in neurons with an OSI > 0.4. (c)

Schematic drawing of the Prusky water maze used to estimate visual
acuity. (d) Examples of the results obtained for a WT and a cPcdh-a
KO mouse. (e) Visual acuity in 10 WT and nine cPcdh-a KO mice.
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as geniculocortical projections, intracortical circuits in V1 or
higher visual areas. To date, orientation selectivity, direction
selectivity, and ocular dominance plasticity in V1 are
apparently normal in cPcdh-a KO mice (Fig. 4 and Yoshi-
take et al. 2013). The estimation of visual acuity required
visual discrimination learning, in which no apparent differ-
ence was found between WT and cPcdh-a KO mice when a
grating pattern of 0.14 cycles/degree was used. However, V1
plasticity induced by spatial mismatches between whisker
and visual inputs is impaired in cPcdh-a KO mice, suggest-
ing the presence of some abnormalities in higher areas of
these mice (Yoshitake et al. 2013). The possibility of retinal
circuit and geniculocortical circuit abnormality also needs to
be considered. However, an important finding in the present
study is that the magnitude of impaired visual acuity in
cPcdh-a KO mice was comparable to that of the aggregated
retinothalamic terminals. We investigated visual acuity in the
present study, since the aggregated retinogeniculate terminals
had suggested impaired visual acuity in cPcdh-a KO mice.
However, we cannot exclude the possibility that other
parameters such as the size of receptive field are abnormal
in cPcdh-a KO mice.
Normal retinogeniculate synapses are highly efficient in

signal transmission (Budisantoso et al. 2012), and aggrega-
tion of terminals is unlikely to further assist signal transmis-
sion. Instead, non-specific mixing of the information
conveyed by each retinal ganglion axon at the aggregated
terminals probably impairs signal transmission. Therefore,
the fine spatial information conveyed through LGd may be
mediated mainly via fine terminals (< 13.1 lm2). The
density of fine terminals in LGd was reduced to 62.5% in
cPcdh-a KO mice compared with WT mice. Assuming that
retinogeniculate terminals with spatial information were
distributed in the grid, the visual acuity discriminating two
vertical (or horizontal) lines are inversely proportional to the
grid intervals, or proportional to the square root of the
terminal density. When the visual acuity determined using
grating patterns would be proportional to the square root of
the fine-terminal density, it would deteriorate to 79% in
cPcdh-a KO mice. Because the visual acuity observed in WT
mice was 0.56 cycles/degree, the expected visual acuity in
cPcdh-a KO mice could be 0.44 cycles/degree. This expected
value is very close to 0.41 cycles/degree, which was the
value obtained in behavioral experiments. This simplified
argument suggests that the aggregation of retinogeniculate
terminals in cPcdh-a KO mice explains a considerable part of
the deteriorated visual acuity in cPcdh-a KO mice, although
the possibility that other abnormalities may contribute to the
observed visual impairment cannot be excluded (Katori et al.
2009; Lefebvre et al. 2012; Yoshitake et al. 2013). There-
fore, morphological and functional studies on the retinogen-
iculate synapses in mice with genetically manipulated cPcdhs
may be useful for elucidating the functions of cPcdhs in the
future.
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single glomerulus in the olfactory bulb (Hasegawa et al.
2008). Abnormal aggregation of serotonergic fibers is also
found in cPcdh-a mice (Katori et al. 2009). The corticocor-
tical pathways connecting the primary somatosensory cor-
tices in both hemispheres are also impaired in cPcdh-a KO
mice (Yamashita et al. 2012). These findings indicate that
cPcdh-a is required for normal development of axonal

projection patterns derived from specific types of neurons.
Although cPcdh-a is expressed in most neurons, impairment
of cPcdh-a has dominant effects exclusively in specific types
of neurons or synapses. The retinal fiber innervating areas,
such as LGd, LGv, and the superior colliculus, also express
cPcdh-a, and almost all the optic tract fibers contain cPcdh-a
protein during the early post-natal stage, with abnormality
appearing in the LGv and the superior colliculus. These
findings suggest that other cPcdhs or cell-adhesion molecules
might replace cPcdh-a in other neurons or synapses.
Distinct subsets of the cPcdh cluster are expressed

differentially in individual neurons, and enormous cell
surface diversity may result from their combinatorial
expression (Kohmura et al. 1998; Wang et al. 2002a; Esumi
et al. 2005; Kaneko et al. 2006). The cell surface diversity
attributed to cPcdhs assists the formation of specific synapses
between neurons expressing similar sets of cPcdhs (Shapiro
and Colman 1999; Phillips et al. 2003; Yagi 2012). Alter-
natively, cPcdh-c supposedly plays a role in self-avoidance
between neurites that express the same sets of cPcdh-c
(Lefebvre et al. 2012; Zipursky and Grueber 2013). The
abnormal terminal aggregation observed in the LGd of
cPcdh-a KO mice can be explained by either of the following
mechanisms: it may be attributed to non-specific synapse
formation between a single LGd neuron and many retinal
ganglion cells, or the failure of avoidance between retino-
geniculate terminals, which avoid one another in WT mice.
In cPcdh-a KO mice, terminal aggregation was not

observed at P10, and appeared just before normal eye
opening at P14; thus, cPcdh-a is likely to play an important
role in the refinement process of retinogeniculate terminals
between P10 and P14 (Chen and Regehr 2000; Hooks and
Chen 2006, 2008; Liu and Chen 2008). The slight mean size
difference of retinogeniculate terminals already appeared at
P10, the starting point of the refinement process with lots of
excess terminals to be eliminated. cPcdh-a might have some
effects on the size of immature terminals. In contrast, cPcdh-
c is required for neuronal survival and for preparing
appropriate synapses in the early development of the spinal
cord (Wang et al. 2002b; Prasad et al. 2008; Prasad and
Weiner 2011; Chen et al. 2012). Moreover, cPcdh-c-deleted
mutant mice lack voluntary movements and reflexes and die
shortly after birth (Wang et al. 2002b; Chen et al. 2012).
Therefore, cPcdh-a and cPcdh-c may play distinct roles in
the neural circuit formation at different developmental stages.

Relationship between terminal aggregation and impaired

visual acuity in cPcdh-a KO mice

In the present study, we observed aggregation of retinogen-
iculate terminals and impaired visual acuity in cPcdh-a KO
mice. However, the relationship between the two phenomena
remains unclear, because there could be other abnormalities
in retinal circuits, in which cPcdh-c plays an important role
(Lefebvre et al. 2012), or in circuits higher than LGd, such
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Fig. 4 Reduced visual acuity in cPcdh-a KO mice. (a) Sample traces
of neuronal calcium response to moving grating patterns (from 0° to

315° in 45° steps) in a WT mouse (left) and a cPcdh-a KO mouse
(right). (b) Cumulative distributions of the orientation selectivity index
(OSI) of 481 neurons in WT mice and 423 neurons in cPcdh-a KO mice

(left). The distribution of the direction selectivity index (DSI) of 197
neurons in WT mice and 164 neurons in cPcdh-a KO mice is also
shown (right). DSI was estimated in neurons with an OSI > 0.4. (c)

Schematic drawing of the Prusky water maze used to estimate visual
acuity. (d) Examples of the results obtained for a WT and a cPcdh-a
KO mouse. (e) Visual acuity in 10 WT and nine cPcdh-a KO mice.
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as geniculocortical projections, intracortical circuits in V1 or
higher visual areas. To date, orientation selectivity, direction
selectivity, and ocular dominance plasticity in V1 are
apparently normal in cPcdh-a KO mice (Fig. 4 and Yoshi-
take et al. 2013). The estimation of visual acuity required
visual discrimination learning, in which no apparent differ-
ence was found between WT and cPcdh-a KO mice when a
grating pattern of 0.14 cycles/degree was used. However, V1
plasticity induced by spatial mismatches between whisker
and visual inputs is impaired in cPcdh-a KO mice, suggest-
ing the presence of some abnormalities in higher areas of
these mice (Yoshitake et al. 2013). The possibility of retinal
circuit and geniculocortical circuit abnormality also needs to
be considered. However, an important finding in the present
study is that the magnitude of impaired visual acuity in
cPcdh-a KO mice was comparable to that of the aggregated
retinothalamic terminals. We investigated visual acuity in the
present study, since the aggregated retinogeniculate terminals
had suggested impaired visual acuity in cPcdh-a KO mice.
However, we cannot exclude the possibility that other
parameters such as the size of receptive field are abnormal
in cPcdh-a KO mice.
Normal retinogeniculate synapses are highly efficient in

signal transmission (Budisantoso et al. 2012), and aggrega-
tion of terminals is unlikely to further assist signal transmis-
sion. Instead, non-specific mixing of the information
conveyed by each retinal ganglion axon at the aggregated
terminals probably impairs signal transmission. Therefore,
the fine spatial information conveyed through LGd may be
mediated mainly via fine terminals (< 13.1 lm2). The
density of fine terminals in LGd was reduced to 62.5% in
cPcdh-a KO mice compared with WT mice. Assuming that
retinogeniculate terminals with spatial information were
distributed in the grid, the visual acuity discriminating two
vertical (or horizontal) lines are inversely proportional to the
grid intervals, or proportional to the square root of the
terminal density. When the visual acuity determined using
grating patterns would be proportional to the square root of
the fine-terminal density, it would deteriorate to 79% in
cPcdh-a KO mice. Because the visual acuity observed in WT
mice was 0.56 cycles/degree, the expected visual acuity in
cPcdh-a KO mice could be 0.44 cycles/degree. This expected
value is very close to 0.41 cycles/degree, which was the
value obtained in behavioral experiments. This simplified
argument suggests that the aggregation of retinogeniculate
terminals in cPcdh-a KO mice explains a considerable part of
the deteriorated visual acuity in cPcdh-a KO mice, although
the possibility that other abnormalities may contribute to the
observed visual impairment cannot be excluded (Katori et al.
2009; Lefebvre et al. 2012; Yoshitake et al. 2013). There-
fore, morphological and functional studies on the retinogen-
iculate synapses in mice with genetically manipulated cPcdhs
may be useful for elucidating the functions of cPcdhs in the
future.
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Somatic Mutations in the MTOR Gene
Cause Focal Cortical Dysplasia Type IIb
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Objective: Focal cortical dysplasia (FCD) type IIb is a cortical malformation characterized by cortical architectural
abnormalities, dysmorphic neurons, and balloon cells. It has been suggested that FCDs are caused by somatic muta-
tions in cells in the developing brain. Here, we explore the possible involvement of somatic mutations in FCD type IIb.
Methods: We collected a total of 24 blood-brain paired samples with FCD, including 13 individuals with FCD type IIb, 5
with type IIa, and 6 with type I. We performed whole-exome sequencing using paired samples from 9 of the FCD type
IIb subjects. Somatic MTOR mutations were identified and further investigated using all 24 paired samples by deep
sequencing of the entire gene’s coding region. Somatic MTOR mutations were confirmed by droplet digital polymerase
chain reaction. The effect of MTOR mutations on mammalian target of rapamycin (mTOR) kinase signaling was evaluated
by immunohistochemistry and Western blotting analyses of brain samples and by in vitro transfection experiments.
Results: We identified four lesion-specific somatic MTOR mutations in 6 of 13 (46%) individuals with FCD type IIb
showing mutant allele rates of 1.11% to 9.31%. Functional analyses showed that phosphorylation of ribosomal pro-
tein S6 in FCD type IIb brain tissues with MTOR mutations was clearly elevated, compared to control samples. Trans-
fection of any of the four MTOR mutants into HEK293T cells led to elevated phosphorylation of 4EBP, the direct
target of mTOR kinase.
Interpretation: We found low-prevalence somatic mutations in MTOR in FCD type IIb, indicating that activating
somatic mutations in MTOR cause FCD type IIb.

ANN NEUROL 2015;78:375–386

Focal cortical dysplasia (FCD) is a cortical malforma-

tion frequently associated with drug-resistant epilepsy

that requires surgical treatment.1,2 FCD can be classified

into three types (I, II, and III) based on its clinicopatho-

logical features.3 Type I refers to abnormalities in cortical

architecture without cellular anomalies,3 whereas type III
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Somatic Mutations in the MTOR Gene
Cause Focal Cortical Dysplasia Type IIb
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Objective: Focal cortical dysplasia (FCD) type IIb is a cortical malformation characterized by cortical architectural
abnormalities, dysmorphic neurons, and balloon cells. It has been suggested that FCDs are caused by somatic muta-
tions in cells in the developing brain. Here, we explore the possible involvement of somatic mutations in FCD type IIb.
Methods: We collected a total of 24 blood-brain paired samples with FCD, including 13 individuals with FCD type IIb, 5
with type IIa, and 6 with type I. We performed whole-exome sequencing using paired samples from 9 of the FCD type
IIb subjects. Somatic MTOR mutations were identified and further investigated using all 24 paired samples by deep
sequencing of the entire gene’s coding region. Somatic MTOR mutations were confirmed by droplet digital polymerase
chain reaction. The effect of MTOR mutations on mammalian target of rapamycin (mTOR) kinase signaling was evaluated
by immunohistochemistry and Western blotting analyses of brain samples and by in vitro transfection experiments.
Results: We identified four lesion-specific somatic MTOR mutations in 6 of 13 (46%) individuals with FCD type IIb
showing mutant allele rates of 1.11% to 9.31%. Functional analyses showed that phosphorylation of ribosomal pro-
tein S6 in FCD type IIb brain tissues with MTOR mutations was clearly elevated, compared to control samples. Trans-
fection of any of the four MTOR mutants into HEK293T cells led to elevated phosphorylation of 4EBP, the direct
target of mTOR kinase.
Interpretation: We found low-prevalence somatic mutations in MTOR in FCD type IIb, indicating that activating
somatic mutations in MTOR cause FCD type IIb.

ANN NEUROL 2015;78:375–386

Focal cortical dysplasia (FCD) is a cortical malforma-

tion frequently associated with drug-resistant epilepsy

that requires surgical treatment.1,2 FCD can be classified

into three types (I, II, and III) based on its clinicopatho-

logical features.3 Type I refers to abnormalities in cortical

architecture without cellular anomalies,3 whereas type III
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involves cortical lamination abnormalities associated with

a principal lesion, which are usually adjacent and affect

the same cortical area or lobes.3 FCD type II is charac-

terized by severe architectural abnormalities and dysmor-

phic neurons and can be further subdivided into types

IIb (with balloon cells) and IIa (without balloon cells).3,4

It has been suggested that FCDs are likely to arise

from somatic mutations in cells in the developing brain,

but that the molecular basis of the three types of FCD

can differ.2,4 Several studies have demonstrated that the

phosphatidylinositol 3-kinase (PI3K)/AKT3/mechanistic

target of rapamycin (mTOR)–signaling pathway is acti-

vated in FCD type IIb.5–11 This pathway regulates cell

proliferation, metabolism, autophagy, and apoptosis in

developing cerebral cells. Furthermore, some cortical mal-

formations are demonstrated to possess somatic muta-

tions in genes of the PI3K/AKT3/mTOR-signaling

pathway.12–19 In this study, we analyzed paired brain

lesions and blood leukocytes (or saliva) from individuals

with FCDs who underwent surgery to evaluate the possi-

ble involvement of somatic mutations in the disease.

Subjects and Methods

Study Subjects and Samples
Thirteen individuals with FCD type IIb, 5 with type IIa, and 6

with type I were investigated in this study. All participants

underwent preoperative clinical evaluations, including seizure

charts, electroencephalography, and neuroimaging with mag-

netic resonance imaging (MRI), followed by surgical treatment.

Subjects or their families provided us with written informed

consent for participation in this study. The institutional review

boards of Yokohama City University, Nishi-Niigata Chuo

National Hospital, Yamagata University, and the University of

Niigata approved this study. Surgically operated brain tissues

(lesions) and peripheral blood leukocytes (or saliva) (normal tis-

sues) were obtained from all participants. Fresh surgical speci-

mens were immediately cut into 5-mm blocks in the operating

room, and some of the blocks were fixed with 20% buffered

formalin and embedded in paraffin wax. Serial 4-lm-thick sec-

tions were then cut and stained with hematoxylin-eosin or

Kl€uver-Barrera stain. Histopathological diagnosis was performed

according to the recent classification system.3 As controls for

immunohistochemistry (IHC) and Western blotting analyses,

we selected 6 subjects (ID/age [years]/sex5 15473/18/M,

15732/38/F, 15294/26/M, 16080/43/M, 16312/12/M, and

16337/12/M) who had suffered from localized neocortical seiz-

ures for years and underwent surgery to treat epilepsy. In all

cases, histopathological evaluation of resected brain lesions

revealed none of the obvious abnormalities in cortical layering

that are required for a diagnosis of FCD type I.3 These cases

could thus be regarded as mild malformations of cortical

development.3

DNA Preparation
Fresh frozen brain tissues were dissolved in sodium dodecyl sul-

fate (SDS)/sodium chloride–based lysis solution with proteinase

K and incubated at 558C for 1 hour, then 378C overnight.

Genomic DNA was extracted from peripheral blood leukocytes

and saliva using QuickGene-610L (Fujifilm, Tokyo, Japan) and

Oragene (DNA Genotek Inc., Kanata, Ontario, Canada),

respectively, according to the manufacturer’s instructions.

Somatic Variant Calling Using Paired Whole
Exome Sequencing Data
Paired brain lesions and blood leukocytes (or saliva) from nine

individuals with FCD Type IIb were analyzed by whole-exome

sequencing (WES). DNA was captured using a SureSelect

Human All Exon V5 Kit (Agilent Technologies, Santa Clara,

CA) and sequenced on an Illumina HiSeq 2500 (Illumina, San

Diego, CA) with 101-bp paired-end reads. Read bases below

the Phred quality score of 20 were trimmed from the 30 end of

reads. These cleaned reads were aligned to the human reference

genome sequence (UCSC hg19, NCBI build 37) using Novoa-

lign (Novocraft Technologies, Petaling Jaya, Malaysia). Paired

WES data (from brain and blood/saliva) were analyzed by

MuTect20 and VarScan 221 to detect de novo somatic single-

nucleotide variants (SNVs) in brain tissues. For MuTect, we

carefully examined both filter-passed and -rejected variants to

avoid false-negative results, considering the cellular complexity

in brain tissues. For Varscan 2, minimum read depth for

somatic variant calls in normal and tumor samples was set to

12. Exclusion criteria were: (1) variants on mutant alleles with

<2 reads in the brain and �2 reads in leukocytes (or saliva);

(2) variants registered in dbSNP 137, except for clinically

associated single-nucleotide polymorphisms (flagged); (3) var-

iants registered in 6,500 exomes of the National Heart, Lung,

and Blood Institute Exome Sequencing Project Exome Variant

Sever and the 1000 Genomes database22,23; (4) variants

observed in our 575 in-house control exomes; and (5) synony-

mous variants. Called variants were annotated using ANNO-

VAR software.24

Validation of Candidate Somatic Variants
Candidate somatic variants extracted from WES data were vali-

dated by polymerase chain reaction (PCR)-based deep sequenc-

ing using specific primers. Sequencing libraries were prepared

using the SureSelect XT Library Prep Kit (Agilent Technolo-

gies) and sequenced on a MiSeq (Illumina) with 150-bp paired-

end reads. Trimming and alignment of reads were performed as

described above. Allele counting was performed using Integra-

tive Genomics Viewer software (IGV).25

Somatic Mutation Screening of MTOR
A total of 16 primer sets covering the entire coding region and

intron-exon boundaries of MTOR (MIM 601231; RefSeq acces-

sion number: NM_004958.3) were used to amplify DNA from

brain lesions and blood leukocytes (or saliva). Sequence libraries

were prepared with the Nextera DNA Sample Preparation Kit

(Illumina). An Agilent DNA 1000 Kit (Agilent Technologies)
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and KAPA Library Quantification Kits (Kapa Biosystems, Wil-

mington, MA) were used to check size distribution and DNA

concentration of the libraries, respectively. Libraries were

sequenced on an MiSeq (Illumina). Trimming and alignment of

reads were performed as described above. Variants were called

by MuTect. All mutations were visually reviewed by IGV.

Droplet Digital PCR
Somatic MTOR mutations were confirmed by droplet digital

PCR (ddPCR). Custom locked nucleic acid probes for each

wild-type (WT) and mutant allele- and region-specific primers

were purchased from Integrated DNA Technology (Coralville,

IA). A 20-ll assay mix containing 50ng of genomic DNA,

ddPCR Supermix for Probes (No dUTP; Bio-Rad, Hercules,

CA), 250nM of WT and mutant probes, and 900nM of PCR

primers were emulsified into �20,000 droplets using a QX100

Droplet Generator (Bio-Rad). Target-specific primers and

probes are shown in Supporting Table 1. In preliminary experi-

ments, appropriate Tm values and thresholds were examined for

each WT and mutant allele using cloned DNAs to minimize

background. These experiments revealed that virtually no false-

positive droplets were observed in the optimized experimental

conditions. We tested six paired samples with MTOR mutations

using mutation-specific primers and probes sets. PCR was per-

formed using the following cycles: 10 minutes at 958C; 40

cycles of 30 seconds at 948C and 2 minutes at 598C

(c.6644C>A, c.6644C>T) or 538C (c.4376C>A,

c.4379T>C); and 10 minutes at 988C. Droplet reading and

data analysis were performed using QX200 Droplet Reader and

QuantaSoft software (Bio-Rad), respectively.

Statistical Analysis of Correlation Between
MTOR Mutations and Clinical Features
We assessed the relevance between MTOR mutations and clini-

cal features, including seizure onset age, seizure frequency, neu-

rological findings, IQ at pre- or postsurgery, and lesion volume,

by Wilcoxon rank-sum or Fisher exact test (p< 0.05 was con-

sidered as significant). Lesion volume in each subject was calcu-

lated from MRI proton density weighted images (PDWIs)

using OsiriX MD (Pixmeo, Geneva, Switzerland). In brief, the

margin of high-intensity signals in PDWIs, which indicates

FCD, obtained just before surgery was delineated manually as a

region of interest (ROI) area in both axial and coronal views,

and the ROI area in each slice was calculated. Then, the vol-

ume of the lesion was automatically calculated based on each

area and slice thickness. In subjects 14434, 17424, and 11683,

lesion volume was manually calculated. All analyses were per-

formed using R software (version 3.1.0; R Foundation for Sta-

tistical Computing, Vienna, Austria).

Immunohistochemistry
Paraffin-embedded sections were immunostained with rabbit

polyclonal antibody against the ribosomal protein, phospho-S6

(Ser235/236; diluted 1:1,000; Cell Signaling Technologies,

Danvers, MA), as previously described.26

Structural Analysis of mTOR
FoldX software (version 3.0b3) was used to calculate free

energy changes after mutation using the mTOR crystal struc-

ture (amino acids [aa] 1,376–2,549)/mLST8 complex (Protein

Data Bank [PDB] 4JSN).27 The calculation was repeated three

times, and the resultant data are presented as an average value

with a standard deviation.

Western Blotting Analysis
Fresh-frozen tissues of surgical specimens taken from the 5 sub-

jects with MTOR mutations (ID: 16964, 17424, 11683,

14434, and 16578) and the six controls (described above).

Fresh-frozen tissues of a patient with an MTOR mutation (ID:

15622) were not available for Western blotting. These were

lysed with SDS sample buffer containing protease (Complete;

Roche Diagnostics, Mannheim, Germany) and phosphatase

inhibitor cocktails (PhosSTOP; Roche Diagnostics). Protein

concentration was determined using BCA protein assay reagent

(Thermo Fisher Scientific, Waltham, MA). Equal amounts of

protein (40lg/lane for phospho and total S6 and 2lg/lane for

actin) were separated by SDS polyacrylamide gel electrophoresis

(PAGE) and analyzed by Western blotting with rabbit polyclo-

nal antibodies against total S6 (Cell Signaling Technologies)

and phospho-S6 (Ser235/236), and with a mouse monoclonal

antibody against actin (Merck Millipore, Billerica, MA).

FIGURE 1: Flow chart of somatic mutation analysis in sub-
jects with focal cortical dysplasia (FCD). The flow of analysis
in this study is outlined. ddPCR5droplet digital polymerase
chain reaction; PCR5polymerase chain reaction.
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involves cortical lamination abnormalities associated with

a principal lesion, which are usually adjacent and affect

the same cortical area or lobes.3 FCD type II is charac-

terized by severe architectural abnormalities and dysmor-

phic neurons and can be further subdivided into types

IIb (with balloon cells) and IIa (without balloon cells).3,4

It has been suggested that FCDs are likely to arise

from somatic mutations in cells in the developing brain,

but that the molecular basis of the three types of FCD

can differ.2,4 Several studies have demonstrated that the

phosphatidylinositol 3-kinase (PI3K)/AKT3/mechanistic

target of rapamycin (mTOR)–signaling pathway is acti-

vated in FCD type IIb.5–11 This pathway regulates cell

proliferation, metabolism, autophagy, and apoptosis in

developing cerebral cells. Furthermore, some cortical mal-

formations are demonstrated to possess somatic muta-

tions in genes of the PI3K/AKT3/mTOR-signaling

pathway.12–19 In this study, we analyzed paired brain

lesions and blood leukocytes (or saliva) from individuals

with FCDs who underwent surgery to evaluate the possi-

ble involvement of somatic mutations in the disease.

Subjects and Methods

Study Subjects and Samples
Thirteen individuals with FCD type IIb, 5 with type IIa, and 6

with type I were investigated in this study. All participants

underwent preoperative clinical evaluations, including seizure

charts, electroencephalography, and neuroimaging with mag-

netic resonance imaging (MRI), followed by surgical treatment.

Subjects or their families provided us with written informed

consent for participation in this study. The institutional review

boards of Yokohama City University, Nishi-Niigata Chuo

National Hospital, Yamagata University, and the University of

Niigata approved this study. Surgically operated brain tissues

(lesions) and peripheral blood leukocytes (or saliva) (normal tis-

sues) were obtained from all participants. Fresh surgical speci-

mens were immediately cut into 5-mm blocks in the operating

room, and some of the blocks were fixed with 20% buffered

formalin and embedded in paraffin wax. Serial 4-lm-thick sec-

tions were then cut and stained with hematoxylin-eosin or

Kl€uver-Barrera stain. Histopathological diagnosis was performed

according to the recent classification system.3 As controls for

immunohistochemistry (IHC) and Western blotting analyses,

we selected 6 subjects (ID/age [years]/sex5 15473/18/M,

15732/38/F, 15294/26/M, 16080/43/M, 16312/12/M, and

16337/12/M) who had suffered from localized neocortical seiz-

ures for years and underwent surgery to treat epilepsy. In all

cases, histopathological evaluation of resected brain lesions

revealed none of the obvious abnormalities in cortical layering

that are required for a diagnosis of FCD type I.3 These cases

could thus be regarded as mild malformations of cortical

development.3

DNA Preparation
Fresh frozen brain tissues were dissolved in sodium dodecyl sul-

fate (SDS)/sodium chloride–based lysis solution with proteinase

K and incubated at 558C for 1 hour, then 378C overnight.

Genomic DNA was extracted from peripheral blood leukocytes

and saliva using QuickGene-610L (Fujifilm, Tokyo, Japan) and

Oragene (DNA Genotek Inc., Kanata, Ontario, Canada),

respectively, according to the manufacturer’s instructions.

Somatic Variant Calling Using Paired Whole
Exome Sequencing Data
Paired brain lesions and blood leukocytes (or saliva) from nine

individuals with FCD Type IIb were analyzed by whole-exome

sequencing (WES). DNA was captured using a SureSelect

Human All Exon V5 Kit (Agilent Technologies, Santa Clara,

CA) and sequenced on an Illumina HiSeq 2500 (Illumina, San

Diego, CA) with 101-bp paired-end reads. Read bases below

the Phred quality score of 20 were trimmed from the 30 end of

reads. These cleaned reads were aligned to the human reference

genome sequence (UCSC hg19, NCBI build 37) using Novoa-

lign (Novocraft Technologies, Petaling Jaya, Malaysia). Paired

WES data (from brain and blood/saliva) were analyzed by

MuTect20 and VarScan 221 to detect de novo somatic single-

nucleotide variants (SNVs) in brain tissues. For MuTect, we

carefully examined both filter-passed and -rejected variants to

avoid false-negative results, considering the cellular complexity

in brain tissues. For Varscan 2, minimum read depth for

somatic variant calls in normal and tumor samples was set to

12. Exclusion criteria were: (1) variants on mutant alleles with

<2 reads in the brain and �2 reads in leukocytes (or saliva);

(2) variants registered in dbSNP 137, except for clinically

associated single-nucleotide polymorphisms (flagged); (3) var-

iants registered in 6,500 exomes of the National Heart, Lung,

and Blood Institute Exome Sequencing Project Exome Variant

Sever and the 1000 Genomes database22,23; (4) variants

observed in our 575 in-house control exomes; and (5) synony-

mous variants. Called variants were annotated using ANNO-

VAR software.24

Validation of Candidate Somatic Variants
Candidate somatic variants extracted from WES data were vali-

dated by polymerase chain reaction (PCR)-based deep sequenc-

ing using specific primers. Sequencing libraries were prepared

using the SureSelect XT Library Prep Kit (Agilent Technolo-

gies) and sequenced on a MiSeq (Illumina) with 150-bp paired-

end reads. Trimming and alignment of reads were performed as

described above. Allele counting was performed using Integra-

tive Genomics Viewer software (IGV).25

Somatic Mutation Screening of MTOR
A total of 16 primer sets covering the entire coding region and

intron-exon boundaries of MTOR (MIM 601231; RefSeq acces-

sion number: NM_004958.3) were used to amplify DNA from

brain lesions and blood leukocytes (or saliva). Sequence libraries

were prepared with the Nextera DNA Sample Preparation Kit

(Illumina). An Agilent DNA 1000 Kit (Agilent Technologies)
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and KAPA Library Quantification Kits (Kapa Biosystems, Wil-

mington, MA) were used to check size distribution and DNA

concentration of the libraries, respectively. Libraries were

sequenced on an MiSeq (Illumina). Trimming and alignment of

reads were performed as described above. Variants were called

by MuTect. All mutations were visually reviewed by IGV.

Droplet Digital PCR
Somatic MTOR mutations were confirmed by droplet digital

PCR (ddPCR). Custom locked nucleic acid probes for each

wild-type (WT) and mutant allele- and region-specific primers

were purchased from Integrated DNA Technology (Coralville,

IA). A 20-ll assay mix containing 50ng of genomic DNA,

ddPCR Supermix for Probes (No dUTP; Bio-Rad, Hercules,

CA), 250nM of WT and mutant probes, and 900nM of PCR

primers were emulsified into �20,000 droplets using a QX100

Droplet Generator (Bio-Rad). Target-specific primers and

probes are shown in Supporting Table 1. In preliminary experi-

ments, appropriate Tm values and thresholds were examined for

each WT and mutant allele using cloned DNAs to minimize

background. These experiments revealed that virtually no false-

positive droplets were observed in the optimized experimental

conditions. We tested six paired samples with MTOR mutations

using mutation-specific primers and probes sets. PCR was per-

formed using the following cycles: 10 minutes at 958C; 40

cycles of 30 seconds at 948C and 2 minutes at 598C

(c.6644C>A, c.6644C>T) or 538C (c.4376C>A,

c.4379T>C); and 10 minutes at 988C. Droplet reading and

data analysis were performed using QX200 Droplet Reader and

QuantaSoft software (Bio-Rad), respectively.

Statistical Analysis of Correlation Between
MTOR Mutations and Clinical Features
We assessed the relevance between MTOR mutations and clini-

cal features, including seizure onset age, seizure frequency, neu-

rological findings, IQ at pre- or postsurgery, and lesion volume,

by Wilcoxon rank-sum or Fisher exact test (p< 0.05 was con-

sidered as significant). Lesion volume in each subject was calcu-

lated from MRI proton density weighted images (PDWIs)

using OsiriX MD (Pixmeo, Geneva, Switzerland). In brief, the

margin of high-intensity signals in PDWIs, which indicates

FCD, obtained just before surgery was delineated manually as a

region of interest (ROI) area in both axial and coronal views,

and the ROI area in each slice was calculated. Then, the vol-

ume of the lesion was automatically calculated based on each

area and slice thickness. In subjects 14434, 17424, and 11683,

lesion volume was manually calculated. All analyses were per-

formed using R software (version 3.1.0; R Foundation for Sta-

tistical Computing, Vienna, Austria).

Immunohistochemistry
Paraffin-embedded sections were immunostained with rabbit

polyclonal antibody against the ribosomal protein, phospho-S6

(Ser235/236; diluted 1:1,000; Cell Signaling Technologies,

Danvers, MA), as previously described.26

Structural Analysis of mTOR
FoldX software (version 3.0b3) was used to calculate free

energy changes after mutation using the mTOR crystal struc-

ture (amino acids [aa] 1,376–2,549)/mLST8 complex (Protein

Data Bank [PDB] 4JSN).27 The calculation was repeated three

times, and the resultant data are presented as an average value

with a standard deviation.

Western Blotting Analysis
Fresh-frozen tissues of surgical specimens taken from the 5 sub-

jects with MTOR mutations (ID: 16964, 17424, 11683,

14434, and 16578) and the six controls (described above).

Fresh-frozen tissues of a patient with an MTOR mutation (ID:

15622) were not available for Western blotting. These were

lysed with SDS sample buffer containing protease (Complete;

Roche Diagnostics, Mannheim, Germany) and phosphatase

inhibitor cocktails (PhosSTOP; Roche Diagnostics). Protein

concentration was determined using BCA protein assay reagent

(Thermo Fisher Scientific, Waltham, MA). Equal amounts of

protein (40lg/lane for phospho and total S6 and 2lg/lane for

actin) were separated by SDS polyacrylamide gel electrophoresis

(PAGE) and analyzed by Western blotting with rabbit polyclo-

nal antibodies against total S6 (Cell Signaling Technologies)

and phospho-S6 (Ser235/236), and with a mouse monoclonal

antibody against actin (Merck Millipore, Billerica, MA).

FIGURE 1: Flow chart of somatic mutation analysis in sub-
jects with focal cortical dysplasia (FCD). The flow of analysis
in this study is outlined. ddPCR5droplet digital polymerase
chain reaction; PCR5polymerase chain reaction.
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Human WT MTOR complementary DNA (cDNA;

NM_004958.3) and mutant MTOR cDNA (p.Ala1459Asp,

p.Leu1460Pro, p.Ser2215Phe and p.Ser2215Tyr) were cloned in

pEF-BOS-FLAG vector.28 Human EIF4EBP1 (NM_004095.3)

was introduced into pCMV-FLAG.29 HEK293T cells were cul-

tured in Dulbecco’s modified Eagle’s medium supplemented with

10% fetal bovine serum and penicillin/streptomycin at 378C in

an atmosphere of 5% CO2. HEK293T cells were cotransfected

with FLAG-4EBP and WT or mutant MTOR plasmids using

Fugene6 (Roche Diagnostics), according to the manufacturer’s

instructions. To assess the activity of MTOR mutants, cells were

starved for serum and amino acids in Hank’s balanced salt solu-

tion for 1 hour. Cells were then lysed and incubated with anti-

DYKDDDDK antibody beads (WAKO, Osaka, Japan) at 48C

for 4 hours. Immunoprecipitates were analyzed by SDS-PAGE

and Western blotting with anti-phospho-4EBP (Thr37/46; Cell

Signaling Technologies) or anti-DYKDDDDK (WAKO), as pre-

viously described.30

Results

Somatic Mutation Screening and Validation
A flow chart of our analysis is illustrated in Figure 1.

Using MuTect20 and VarScan 2,21 we detected a number

of possible somatic variants in WES data of nine paired

samples (Table 1). To quickly narrow down candidate

variants, we first searched for those variants commonly

detected by the two programs, then focused on candidate

genes whose variants were found in two or more cases

(Table 1). Among six candidate genes, MTOR is of inter-

est. It encodes the serine/threonine kinase mTOR, a key

regulator of the PI3K/AKT3/mTOR-signaling path-

way,31,32 and an MTOR somatic mutation has been

reported in hemimegalencephaly.13 Considering the pos-

sible involvement of the mTOR pathway in FCD, we

investigated variants in candidate genes involved in the

mTOR pathway (Supporting Table 2). We only detected

TABLE 1. Summary of Whole-Exome Sequencing in Individuals with FCD Type IIb (n59)

Subject Mean Depthb

(Brain/Blood)
%_bases_above_
203
(Brain/Blood)

Program De novo
SNV Call
(Filter Passed)

Common
Variants in
Two Programs

Candidate Gene(s)
Common in Two or
More Cases

11683 193.7/178.4 95.0/94.3 MuTect 422 (13) 13 UNC79

Varscan 2 35

15035a 192.9/194.5 94.9/94.7 MuTect 446 (6) 25

Varscan 2 74

15622 146.3/121.3 95.6/94.6 MuTect 428 (10) 11 NME5

Varscan 2 28

16129 109.2/67.37 93.8/88.4 MuTect 318 (10) 30 NME5

Varscan 2 148

16578 117.8/143.2 94.5/95.4 MuTect 357 (12) 56 NBPF8, UNC79,
MTOR, KAT6B

Varscan 2 232

17562 158.2/166.2 95.8/95.8 MuTect 348 (8) 20 NBPF8

Varscan 2 79

14434 154.2/259.4 92.8/95.5 MuTect 376 (9) 102 MTOR, KAT6B,
CES4A

Varscan 2 706

15381 127.5/108.6 94.8/93.7 MuTect 460 (10) 23

Varscan 2 43

16325 131.0/141.2 93.7/94.0 MuTect 319 (6) 22 NBPF8, CES4A

Varscan 2 68
aDNA from saliva instead of blood was used.
bAgainst protein coding sequences of RefSeq genes.
FCD5 focal cortical dysplasia; SNV5 single-nucleotide variant.
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Human WT MTOR complementary DNA (cDNA;

NM_004958.3) and mutant MTOR cDNA (p.Ala1459Asp,

p.Leu1460Pro, p.Ser2215Phe and p.Ser2215Tyr) were cloned in

pEF-BOS-FLAG vector.28 Human EIF4EBP1 (NM_004095.3)

was introduced into pCMV-FLAG.29 HEK293T cells were cul-

tured in Dulbecco’s modified Eagle’s medium supplemented with

10% fetal bovine serum and penicillin/streptomycin at 378C in

an atmosphere of 5% CO2. HEK293T cells were cotransfected

with FLAG-4EBP and WT or mutant MTOR plasmids using

Fugene6 (Roche Diagnostics), according to the manufacturer’s

instructions. To assess the activity of MTOR mutants, cells were

starved for serum and amino acids in Hank’s balanced salt solu-

tion for 1 hour. Cells were then lysed and incubated with anti-

DYKDDDDK antibody beads (WAKO, Osaka, Japan) at 48C

for 4 hours. Immunoprecipitates were analyzed by SDS-PAGE

and Western blotting with anti-phospho-4EBP (Thr37/46; Cell

Signaling Technologies) or anti-DYKDDDDK (WAKO), as pre-

viously described.30

Results

Somatic Mutation Screening and Validation
A flow chart of our analysis is illustrated in Figure 1.

Using MuTect20 and VarScan 2,21 we detected a number

of possible somatic variants in WES data of nine paired

samples (Table 1). To quickly narrow down candidate

variants, we first searched for those variants commonly

detected by the two programs, then focused on candidate

genes whose variants were found in two or more cases

(Table 1). Among six candidate genes, MTOR is of inter-

est. It encodes the serine/threonine kinase mTOR, a key

regulator of the PI3K/AKT3/mTOR-signaling path-

way,31,32 and an MTOR somatic mutation has been

reported in hemimegalencephaly.13 Considering the pos-

sible involvement of the mTOR pathway in FCD, we

investigated variants in candidate genes involved in the

mTOR pathway (Supporting Table 2). We only detected

TABLE 1. Summary of Whole-Exome Sequencing in Individuals with FCD Type IIb (n59)

Subject Mean Depthb

(Brain/Blood)
%_bases_above_
203
(Brain/Blood)

Program De novo
SNV Call
(Filter Passed)

Common
Variants in
Two Programs

Candidate Gene(s)
Common in Two or
More Cases

11683 193.7/178.4 95.0/94.3 MuTect 422 (13) 13 UNC79

Varscan 2 35

15035a 192.9/194.5 94.9/94.7 MuTect 446 (6) 25

Varscan 2 74

15622 146.3/121.3 95.6/94.6 MuTect 428 (10) 11 NME5

Varscan 2 28

16129 109.2/67.37 93.8/88.4 MuTect 318 (10) 30 NME5

Varscan 2 148

16578 117.8/143.2 94.5/95.4 MuTect 357 (12) 56 NBPF8, UNC79,
MTOR, KAT6B

Varscan 2 232

17562 158.2/166.2 95.8/95.8 MuTect 348 (8) 20 NBPF8

Varscan 2 79

14434 154.2/259.4 92.8/95.5 MuTect 376 (9) 102 MTOR, KAT6B,
CES4A

Varscan 2 706

15381 127.5/108.6 94.8/93.7 MuTect 460 (10) 23

Varscan 2 43

16325 131.0/141.2 93.7/94.0 MuTect 319 (6) 22 NBPF8, CES4A

Varscan 2 68
aDNA from saliva instead of blood was used.
bAgainst protein coding sequences of RefSeq genes.
FCD5 focal cortical dysplasia; SNV5 single-nucleotide variant.
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variants in six mTOR-related genes (MTOR, AKT3, TSC1,

TSC2, PIK3, and PTEN) by MuTect and subsequently

examined by targeted deep sequencing. Four MTOR muta-

tions were validated: c.4376C>A (p.Ala1459Asp);

c.4379T>C (p.Leu1460Pro); c.6644C>A (p.Ser2215Tyr);

and c.6644C>T (p.Ser2215Phe; Table 2). No variants in

other genes were validated because they were absent in tar-

geted deep sequencing, suggesting that they were false posi-

tive. We also examined germline or somatic mutations in

candidate genes involved in the mTOR pathway (Supporting

Table 2) using nonbrain Varscan 2 data, but we could not

detect any pathogenic variants in these genes.

We then screened the entire MTOR coding region

using deep sequencing of PCR amplicons from 13 indi-

viduals with FCD type IIb, including the 9 analyzed by

WES. In addition, to explore possible involvement of

somatic MTOR mutations in other types of FCD, we

also screened 5 subjects with FCD type IIa and 6 with

type I. We identified two recurrent mutations

(c.4379T>C and c.6644C>A) in an additional two indi-

viduals with FCD type IIb. A total of four lesion-specific

somatic MTOR mutations were verified in 6 individuals

with FCD type IIb (6 of 13 [46%]; Fig 2A; Table 2).

No candidate mutations were identified in individuals

with FCD type I or IIa (Supporting Table 3). Mutant

allele frequencies in brain lesions were very low (range,

1.54–9.31%; average, 3.67%) but were clearly higher

than those in blood leukocytes or saliva (all <0.1%;

Table 2), excluding possible PCR or sequencing errors.

Furthermore, we verified the mutant allele frequencies by

ddPCR. Fractional abundance in each sample was nearly

consistent with mutant allele frequencies from the deep

FIGURE 2: Somatic MTOR mutations in individuals with focal
cortical dysplasia (FCD) type IIb. (A) Schematic of the mamma-
lian target of rapamycin (mTOR) protein with HEAT repeats,
FAT domain, kinase domain comprising N- and C-lobes, FRB
domain, and FATC domain. All four identified missense muta-
tions occurred at evolutionarily conserved amino acids in the
FAT domain (n52; Ala1459 and Leu1460) or N-lobe of the
kinase domain (n52; Ser2215). Multiple amino acid sequen-
ces of mTOR proteins were aligned with tools available on the
CLUSTALW website (http://www.genome.jp/tools/clustalw/).
(B) Percentage of mutant alleles of MTOR in blood leukocytes
and brain lesions in FCD type IIb. All samples showed both
results analyzed by targeted amplicon deep sequencing
(NGS) and ddPCR. ddPCR5droplet digital polymerase chain
reaction; NGS5next-generation sequencing.

FIGURE 3: Brain magnetic resonance imaging (MRI) and his-
topathological features of subjects with somatic MTOR
mutations. Coronal or axial brain MRI of subjects with
somatic MTOR mutations. T2-weighted (A, D, G, J, M, P)
and proton-density–weighted (B, E, H, K, N, Q) images
show abnormal configurations of cerebral gyri and high sig-
nal, respectively. Yellow arrowheads indicate focal cortical
dysplasia (FCD) lesions. Photomicrographs of hematoxylin-
eosin–stained histology sections (C, F, I, L, O, R) demon-
strating characteristic dysplastic features with dysmorphic
neurons (arrowheads) and balloon cells (arrows) in surgical
specimens taken from 6 individuals with somatic MTOR
mutations. Bar520lm.

ANNALS of Neurology

380 Volume 78, No. 3

sequencing data (Fig 2B). Fractional abundance in blood

was extremely low or zero (0–0.034%; Fig 2B), being

equivalent to no-template control. Low-prevalence mosaic

rates for all mutations were reproducible by ddPCR.

Correlation Between MTOR Mutations and
Clinical Features
Correlation of MTOR mutations with clinical phenotypes

was statistically analyzed. Clinical features of the 13

individuals with FCD type IIb are described in detail (Sup-

porting Table 4). Brain MRI showed severe architectural

abnormalities in 6 individuals with somatic MTOR muta-

tions (Fig 3), as well as in 7 withoutMTORmutations (data

not shown). We found no statistical difference for any clini-

cal feature between mutation-positive and -negative groups.

Phosphorylation of Ribosomal Protein S6 in
FCD Samples
At primary histopathological examination, all specimens

with FCD type IIb (Table 2 and Supporting Table 4)

FIGURE 4: Expression of phospho-S6 in focal cortical dysplasia (FCD) type IIb. Immunohistochemical features (A–D) and West-
ern blotting (E) for phospho-S6 in brain tissues taken from subjects with FCD type IIb and controls. (A–C) Many dysmorphic
neurons and balloon cells in an FCD type IIb brain section with an MTOR mutation (A: 16578, B: 15622; Table 2 and Support-
ing Table 3) and without a mutation (C: 15381; Table 2 and Supporting Table 3) showed intense immunoreactivity to phospho-
S6. (D) Neurons in the control (#16080) showed no or very faint reactivity. Bar5120lm. (E) Expression of phospho-S6 (Ser235/
236), total S6 protein, and actin are depicted in the upper, middle, and lower panel, respectively. Western blotting showed a
larger amount of phosphorylated S6 in brain tissues of FCD type IIb (lanes 1–5: 16964, 17424, 11683, 14434, and 16578,
respectively), compared to controls (lanes 1–6: 15473, 15732, 15294, 16080, 16312, and 16337, respectively). Equal amounts
of protein (40lg/lane for phospho and total S6 and 2lg/lane for actin) were applied.
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variants in six mTOR-related genes (MTOR, AKT3, TSC1,
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examined by targeted deep sequencing. Four MTOR muta-

tions were validated: c.4376C>A (p.Ala1459Asp);

c.4379T>C (p.Leu1460Pro); c.6644C>A (p.Ser2215Tyr);

and c.6644C>T (p.Ser2215Phe; Table 2). No variants in

other genes were validated because they were absent in tar-

geted deep sequencing, suggesting that they were false posi-

tive. We also examined germline or somatic mutations in

candidate genes involved in the mTOR pathway (Supporting

Table 2) using nonbrain Varscan 2 data, but we could not

detect any pathogenic variants in these genes.

We then screened the entire MTOR coding region

using deep sequencing of PCR amplicons from 13 indi-

viduals with FCD type IIb, including the 9 analyzed by

WES. In addition, to explore possible involvement of

somatic MTOR mutations in other types of FCD, we

also screened 5 subjects with FCD type IIa and 6 with

type I. We identified two recurrent mutations

(c.4379T>C and c.6644C>A) in an additional two indi-

viduals with FCD type IIb. A total of four lesion-specific

somatic MTOR mutations were verified in 6 individuals

with FCD type IIb (6 of 13 [46%]; Fig 2A; Table 2).

No candidate mutations were identified in individuals

with FCD type I or IIa (Supporting Table 3). Mutant

allele frequencies in brain lesions were very low (range,

1.54–9.31%; average, 3.67%) but were clearly higher

than those in blood leukocytes or saliva (all <0.1%;

Table 2), excluding possible PCR or sequencing errors.

Furthermore, we verified the mutant allele frequencies by

ddPCR. Fractional abundance in each sample was nearly

consistent with mutant allele frequencies from the deep

FIGURE 2: Somatic MTOR mutations in individuals with focal
cortical dysplasia (FCD) type IIb. (A) Schematic of the mamma-
lian target of rapamycin (mTOR) protein with HEAT repeats,
FAT domain, kinase domain comprising N- and C-lobes, FRB
domain, and FATC domain. All four identified missense muta-
tions occurred at evolutionarily conserved amino acids in the
FAT domain (n52; Ala1459 and Leu1460) or N-lobe of the
kinase domain (n52; Ser2215). Multiple amino acid sequen-
ces of mTOR proteins were aligned with tools available on the
CLUSTALW website (http://www.genome.jp/tools/clustalw/).
(B) Percentage of mutant alleles of MTOR in blood leukocytes
and brain lesions in FCD type IIb. All samples showed both
results analyzed by targeted amplicon deep sequencing
(NGS) and ddPCR. ddPCR5droplet digital polymerase chain
reaction; NGS5next-generation sequencing.

FIGURE 3: Brain magnetic resonance imaging (MRI) and his-
topathological features of subjects with somatic MTOR
mutations. Coronal or axial brain MRI of subjects with
somatic MTOR mutations. T2-weighted (A, D, G, J, M, P)
and proton-density–weighted (B, E, H, K, N, Q) images
show abnormal configurations of cerebral gyri and high sig-
nal, respectively. Yellow arrowheads indicate focal cortical
dysplasia (FCD) lesions. Photomicrographs of hematoxylin-
eosin–stained histology sections (C, F, I, L, O, R) demon-
strating characteristic dysplastic features with dysmorphic
neurons (arrowheads) and balloon cells (arrows) in surgical
specimens taken from 6 individuals with somatic MTOR
mutations. Bar520lm.
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sequencing data (Fig 2B). Fractional abundance in blood

was extremely low or zero (0–0.034%; Fig 2B), being

equivalent to no-template control. Low-prevalence mosaic

rates for all mutations were reproducible by ddPCR.

Correlation Between MTOR Mutations and
Clinical Features
Correlation of MTOR mutations with clinical phenotypes

was statistically analyzed. Clinical features of the 13

individuals with FCD type IIb are described in detail (Sup-

porting Table 4). Brain MRI showed severe architectural

abnormalities in 6 individuals with somatic MTOR muta-

tions (Fig 3), as well as in 7 withoutMTORmutations (data

not shown). We found no statistical difference for any clini-

cal feature between mutation-positive and -negative groups.

Phosphorylation of Ribosomal Protein S6 in
FCD Samples
At primary histopathological examination, all specimens

with FCD type IIb (Table 2 and Supporting Table 4)

FIGURE 4: Expression of phospho-S6 in focal cortical dysplasia (FCD) type IIb. Immunohistochemical features (A–D) and West-
ern blotting (E) for phospho-S6 in brain tissues taken from subjects with FCD type IIb and controls. (A–C) Many dysmorphic
neurons and balloon cells in an FCD type IIb brain section with an MTOR mutation (A: 16578, B: 15622; Table 2 and Support-
ing Table 3) and without a mutation (C: 15381; Table 2 and Supporting Table 3) showed intense immunoreactivity to phospho-
S6. (D) Neurons in the control (#16080) showed no or very faint reactivity. Bar5120lm. (E) Expression of phospho-S6 (Ser235/
236), total S6 protein, and actin are depicted in the upper, middle, and lower panel, respectively. Western blotting showed a
larger amount of phosphorylated S6 in brain tissues of FCD type IIb (lanes 1–5: 16964, 17424, 11683, 14434, and 16578,
respectively), compared to controls (lanes 1–6: 15473, 15732, 15294, 16080, 16312, and 16337, respectively). Equal amounts
of protein (40lg/lane for phospho and total S6 and 2lg/lane for actin) were applied.
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FIGURE 5: Mammalian target of rapamycin (mTOR) signaling activation by MTOR mutations. Structural consideration of the
four mutations. (A) Crystal structure of mTOR (residues 1,376–2,549) in complex with mLST8, ATPcS, and magnesium ions (Pro-
tein Data Bank [PDB] code 4JSP). FAT domain, N- and C-lobes of the kinase domain, and the FRB domain in the N-lobe are col-
ored blue, magenta, cyan, and light blue, respectively. Nonhydrolyzed ATP analog, ATPcS, and magnesium ions are shown as
gray sticks and orange balls, respectively. Residues at mutation sites are shown as van der Waals spheres in red. The secondary
structure assignment is according to published nomenclature. (B and C) Close-up of regions around the mutation sites from the
front and back. Side chains of some residues near the mutation sites are represented as transparent van der Waals spheres.
(D) Free energy change upon amino acid mutations, estimated from calculations using FoldX software. (E) HEK293T cells were
transfected with FLAG-MTOR or pcDNA3.1-MTOR hyperactive mutant and FLAG-4EBP plasmids. Cell lysates were immunopre-
cipitated with anti-Flag antibody beads and then probed with anti-phospho-4EBP (Thr36/47; left, upper panel), anti-Flag for
mTOR (left, middle panel), and 4EBP (left, lower panel). Three separate experiments were performed. Transfection efficacy
was almost the same in each transfection. Note that all the mutants found in this study led to significant activation of the
mTOR pathway, and the mutants are comparable with the hyperactive mutant (right panel). n53 for WT and mutants.
*p<0.0001 by analysis of variance. Western blotting were quantified by densitometric analysis using ImageJ software (NIH,
Bethesda, MD). Bars represent means6 standard error of the mean. ATP5adenosine triphosphate; FCD5 focal cortical
dysplasia.
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showed numerous dysmorphic neurons and balloon cells

regardless of the presence or absence of mutations (Fig

3C, F, I, L, O, R). We then examined the activation of

the mTOR pathway in FCD type I, IIa, and IIb using

IHC for phospho-S6, which is a downstream phospho-

rylated protein in the mTOR pathway. In FCD type IIb

specimens with or without MTOR mutations, almost all

dysmorphic neurons and balloon cells were distributed in

both the cortex and subcortical white matter and showed

intense reactivity for phospho-S6 (Fig 4A–C). A small

proportion of normal-looking pyramidal neurons distrib-

uted in the cortex also showed a variable intensity of

reactivity for phospho-S6. On the other hand, neurons

showed no or faint reactivity for phospho-S6 in all con-

trol specimens (Fig 4D). We also confirmed the expres-

sion level of phospho-S6 by Western blotting of proteins

extracted from lesion-specific brain sections. The ratio of

phosphorylation (the ratio of intensities of phospho-S6/

total-S6) in each FCD type IIb individual with an

MTOR mutation (range, 0.72–1.24; average5 1.17) was

much higher than that in the control specimens (range,

0.22–0.63; average5 0.51; Fig 4E). Note that the lowest

ratio (0.72) in FCD type IIb was still greater than the

highest ratio (0.63) in the control. These results indi-

cated that mTOR signaling was increased in FCD type

IIb cases of MTOR mutations.

MTOR Mutations Activate the mTOR Pathway
mTOR (aa 1,376–2,549) consists of Huntingtin, elonga-

tion factor 3, a subunit of protein phosphatase 2A, and

TOR1 (HEAT) repeats, a FRAP, ATM, and TRAP

(FAT) domain, a kinase domain comprising N- and C-

lobes that form a catalytic cleft, a FKBP12/rapamycin

binding (FRB) domain, and a FRAP, ATM, TRRAP, and

C-terminal (FATC) domain (Figs 2A and 5A).31 The

neighboring p.Leu1460Pro and p.Ala1459Asp mutations

are located in the FAT domain, whereas p.Ser2215Tyr

and p.Ser2215Phe are at the same residue within the

kinase domain (Figs 2A and 5A). All altered amino acids

are evolutionarily well conserved (Fig 2A), and the muta-

tions were predicted to be deleterious by at least two

online programs (Table 3). To evaluate the effects of mis-

sense mutations on mTOR function from a structural

viewpoint, we mapped their location on the mTOR crys-

tal structure (aa 1,376–2,549) in complex with mLST8,

ATPcS, and magnesium ions.31 The FRB domain in the

N-lobe and helix 9b in the C-lobe hinder substrate access

to the active site, negatively regulating mTOR kinase

activity.33–35 Because residues at sites Ala1459 and

Leu1460 are located in an N-terminal helix of the FAT

domain and are involved in a hydrophobic core (Fig 5A,

C), mutations here would destabilize the local structure

of the FAT domain and impair its interaction with the

kinase domain. This could release it from the restriction

of active site accessibility, thereby hyperactivating mTOR

kinase activity as reported previously.33 Ser2215 is

located in helix 3b, which is adjacent to the structural

frame involving closely located helices 3, 9, and 9b (Fig

5A, B). Thus, mutations of Ser2215 to Tyr and Phe are

likely to destabilize the structural frame and affect helix

9b conformation, restricting active site accessibility, and

leading to mTOR kinase hyperactivation. Thus, all four

somatic MTOR mutations were predicted to induce

mTOR pathway hyperactivation. The free energy change

calculated by FoldX software revealed a remarkable

increase after all mutations, supporting our structural

predictions (Fig 5D). Moreover, the MTOR mutations

found in FCD type IIb were analyzed in cultured cells

(in vitro). Plasmids carrying WT and mutant MTORs

(p.Ala1459Asp, p.Leu1460Pro, p.Ser2215Phe, and

p.Ser2215Tyr) were transfected into HEK293T cells

together with FLAG-4EBP, the best-known substrate for

mTOR complex 1 (mTORC1). Mutant MTOR-trans-

fected cells exhibited significantly strong phosphorylation

of 4EBP, compared to WT MTOR-transfected cells, indi-

cating that all MTOR mutants are constitutively active

TABLE 3. Prediction of Somatic MTOR Mutation Pathogenicity

Subject Mutation SIFT PolyPhen2 Mutation Taster

11683 and 17424 c.6644C>A (p.Ser2215Tyr) 0 Possibly damaging (0.876) Disease-causing (0.999)

15622 c.4376C>A (p.Ala1459Asp) 0 Benign (0.133) Disease-causing (0.999)

16578 and 16964 c.4379T>C (p.Leu1460Pro) 0 Benign (0.352) Disease-causing (0.999)

14434 c.6644C>T (p.Ser2215Phe) 0 Possibly damaging (0.824) Disease-causing (0.999)

SIFT (http://sift.jcvi.org/): scores of less than 0.05% indicate substitutions that are predicted as intolerant. PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/): HumVar scores are evaluated as 0.000 (most probably benign) to 0.999 (most probably damag-
ing). Mutation Taster (http://www.mutationtaster.org/): rapid evaluation of DNA sequence alterations. Alterations are classified as
disease-causing or polymorphisms.
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FIGURE 5: Mammalian target of rapamycin (mTOR) signaling activation by MTOR mutations. Structural consideration of the
four mutations. (A) Crystal structure of mTOR (residues 1,376–2,549) in complex with mLST8, ATPcS, and magnesium ions (Pro-
tein Data Bank [PDB] code 4JSP). FAT domain, N- and C-lobes of the kinase domain, and the FRB domain in the N-lobe are col-
ored blue, magenta, cyan, and light blue, respectively. Nonhydrolyzed ATP analog, ATPcS, and magnesium ions are shown as
gray sticks and orange balls, respectively. Residues at mutation sites are shown as van der Waals spheres in red. The secondary
structure assignment is according to published nomenclature. (B and C) Close-up of regions around the mutation sites from the
front and back. Side chains of some residues near the mutation sites are represented as transparent van der Waals spheres.
(D) Free energy change upon amino acid mutations, estimated from calculations using FoldX software. (E) HEK293T cells were
transfected with FLAG-MTOR or pcDNA3.1-MTOR hyperactive mutant and FLAG-4EBP plasmids. Cell lysates were immunopre-
cipitated with anti-Flag antibody beads and then probed with anti-phospho-4EBP (Thr36/47; left, upper panel), anti-Flag for
mTOR (left, middle panel), and 4EBP (left, lower panel). Three separate experiments were performed. Transfection efficacy
was almost the same in each transfection. Note that all the mutants found in this study led to significant activation of the
mTOR pathway, and the mutants are comparable with the hyperactive mutant (right panel). n53 for WT and mutants.
*p<0.0001 by analysis of variance. Western blotting were quantified by densitometric analysis using ImageJ software (NIH,
Bethesda, MD). Bars represent means6 standard error of the mean. ATP5adenosine triphosphate; FCD5 focal cortical
dysplasia.
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showed numerous dysmorphic neurons and balloon cells

regardless of the presence or absence of mutations (Fig

3C, F, I, L, O, R). We then examined the activation of

the mTOR pathway in FCD type I, IIa, and IIb using

IHC for phospho-S6, which is a downstream phospho-

rylated protein in the mTOR pathway. In FCD type IIb

specimens with or without MTOR mutations, almost all

dysmorphic neurons and balloon cells were distributed in

both the cortex and subcortical white matter and showed

intense reactivity for phospho-S6 (Fig 4A–C). A small

proportion of normal-looking pyramidal neurons distrib-

uted in the cortex also showed a variable intensity of

reactivity for phospho-S6. On the other hand, neurons

showed no or faint reactivity for phospho-S6 in all con-

trol specimens (Fig 4D). We also confirmed the expres-

sion level of phospho-S6 by Western blotting of proteins

extracted from lesion-specific brain sections. The ratio of

phosphorylation (the ratio of intensities of phospho-S6/

total-S6) in each FCD type IIb individual with an

MTOR mutation (range, 0.72–1.24; average5 1.17) was

much higher than that in the control specimens (range,

0.22–0.63; average5 0.51; Fig 4E). Note that the lowest

ratio (0.72) in FCD type IIb was still greater than the

highest ratio (0.63) in the control. These results indi-

cated that mTOR signaling was increased in FCD type

IIb cases of MTOR mutations.

MTOR Mutations Activate the mTOR Pathway
mTOR (aa 1,376–2,549) consists of Huntingtin, elonga-

tion factor 3, a subunit of protein phosphatase 2A, and

TOR1 (HEAT) repeats, a FRAP, ATM, and TRAP

(FAT) domain, a kinase domain comprising N- and C-

lobes that form a catalytic cleft, a FKBP12/rapamycin

binding (FRB) domain, and a FRAP, ATM, TRRAP, and

C-terminal (FATC) domain (Figs 2A and 5A).31 The

neighboring p.Leu1460Pro and p.Ala1459Asp mutations

are located in the FAT domain, whereas p.Ser2215Tyr

and p.Ser2215Phe are at the same residue within the

kinase domain (Figs 2A and 5A). All altered amino acids

are evolutionarily well conserved (Fig 2A), and the muta-

tions were predicted to be deleterious by at least two

online programs (Table 3). To evaluate the effects of mis-

sense mutations on mTOR function from a structural

viewpoint, we mapped their location on the mTOR crys-

tal structure (aa 1,376–2,549) in complex with mLST8,

ATPcS, and magnesium ions.31 The FRB domain in the

N-lobe and helix 9b in the C-lobe hinder substrate access

to the active site, negatively regulating mTOR kinase

activity.33–35 Because residues at sites Ala1459 and

Leu1460 are located in an N-terminal helix of the FAT

domain and are involved in a hydrophobic core (Fig 5A,

C), mutations here would destabilize the local structure

of the FAT domain and impair its interaction with the

kinase domain. This could release it from the restriction

of active site accessibility, thereby hyperactivating mTOR

kinase activity as reported previously.33 Ser2215 is

located in helix 3b, which is adjacent to the structural

frame involving closely located helices 3, 9, and 9b (Fig

5A, B). Thus, mutations of Ser2215 to Tyr and Phe are

likely to destabilize the structural frame and affect helix

9b conformation, restricting active site accessibility, and

leading to mTOR kinase hyperactivation. Thus, all four

somatic MTOR mutations were predicted to induce

mTOR pathway hyperactivation. The free energy change

calculated by FoldX software revealed a remarkable

increase after all mutations, supporting our structural

predictions (Fig 5D). Moreover, the MTOR mutations

found in FCD type IIb were analyzed in cultured cells

(in vitro). Plasmids carrying WT and mutant MTORs

(p.Ala1459Asp, p.Leu1460Pro, p.Ser2215Phe, and

p.Ser2215Tyr) were transfected into HEK293T cells

together with FLAG-4EBP, the best-known substrate for

mTOR complex 1 (mTORC1). Mutant MTOR-trans-

fected cells exhibited significantly strong phosphorylation

of 4EBP, compared to WT MTOR-transfected cells, indi-

cating that all MTOR mutants are constitutively active

TABLE 3. Prediction of Somatic MTOR Mutation Pathogenicity

Subject Mutation SIFT PolyPhen2 Mutation Taster

11683 and 17424 c.6644C>A (p.Ser2215Tyr) 0 Possibly damaging (0.876) Disease-causing (0.999)

15622 c.4376C>A (p.Ala1459Asp) 0 Benign (0.133) Disease-causing (0.999)

16578 and 16964 c.4379T>C (p.Leu1460Pro) 0 Benign (0.352) Disease-causing (0.999)

14434 c.6644C>T (p.Ser2215Phe) 0 Possibly damaging (0.824) Disease-causing (0.999)

SIFT (http://sift.jcvi.org/): scores of less than 0.05% indicate substitutions that are predicted as intolerant. PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/): HumVar scores are evaluated as 0.000 (most probably benign) to 0.999 (most probably damag-
ing). Mutation Taster (http://www.mutationtaster.org/): rapid evaluation of DNA sequence alterations. Alterations are classified as
disease-causing or polymorphisms.
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(Fig 5E). Signal intensities of all MTOR mutants were

comparable with that of the plasmid carrying a hyperac-

tive mutation of rat mTOR, which was used as a positive

control.34

Discussion

We found that the low-prevalence somatic MTOR muta-

tions in 6 of 13 individuals with FCD type IIb (46%;

Table 2 and Supporting Table 4). While this article was

being reviewed, Lim et al also reported that somatic

MTOR mutations caused FCD type IIb.36 These results

corroborated that low-prevalence somatic MTOR muta-

tion is one of the genetic causes in FCD type IIb. How-

ever, there may be mutations in up- or downstream

genes in the mTOR cascade in the other subjects having

no MTOR mutation (Fig 6). Indeed, somatic mutations

in PTEN and germline mutations in DEPDC5, encoding

a component of Gator1, were reported in FCD type

IIb.16–18,37 PTEN is one of the tumor-suppressor genes,

encoding plasma membrane lipid phosphatase, which

antagonizes PI3K-Akt signaling.38 Gator1 has GTPase-

activating activity for RagA/B and thus suppresses

mTORC1 activity in static and low-amino-acid condi-

tions.39 Therefore, loss of function in PTEN and Gator1

may cause mTOR activation. Similarly, mutations in

other genes involved in the mTOR cascade are involved

in tuberous sclerosis (with mutations in TSC1 and

TSC2) and hemimegalencephaly (with mutations in

AKT3, DEPDC5, MTOR, PIK3CA, and PTEN), which
share histopathological similarities.12–17,19,37 These find-

ings strongly suggest that unidentified mutations in

related molecules of the mTOR pathway may possibly be

the pathogenesis of FCD type IIb.

Somatic MTOR mutations in FCD type IIb are

likely to cause hyperactivation of the mTOR-signaling

pathway, which is involved in growth, migration, and the

maturation of neurons and glial cells.8 All individuals

with MTOR mutations showed distinctive balloon cells

in their brain tissues (Fig 3 C, F, I, L, O, R). Such cells

are also observed in tuberous sclerosis and hemimegalen-

cephaly, in which the mTOR-signaling pathway is acti-

vated,2,8,10,13,32 raising the possibility that they are

markers of aberrant mTOR signaling. Our IHC and

Western blotting results clearly demonstrated high levels

of phospho-S6, the well-known hallmark of mTOR cas-

cade activation, in FCD type IIb lesions with MTOR
mutations, specifically in dysmorphic neurons and bal-

loon cells (Fig 4A, B, E). We failed to detect apparent

differences on IHC expression of phospho-S6 between

FCD type IIb with and without mutations (Fig 4A–C).

In both cases, a large proportion of the abnormal cells

(dysmorphic neurons and balloon cells) were phospho-

S6-positive. Furthermore, we found no clinical differen-

ces between FCD type IIb individuals with or without

MTOR mutations. These findings supported the hypoth-

esis that MTOR-mutation–negative subjects may have

mutations in other molecular members of the pathway,

which lead to net activation of the mTOR signaling.19

We also investigated MTOR mutations in limited

numbers of brain samples with FCD type I and IIa (six

in type I and five in type IIa) and found no associated

variants (Supporting Table 3). IHC examination of FCD

type IIa revealed that many dysmorphic neurons showed

phospho-S6-immunoreactivity as those noted in FCD

type IIb (data not shown). In our series of FCD type IIa,

both the number of dysmorphic neurons and intensities

of phospho-S6-immunopositivity differed markedly

among cases. Interestingly, Lim et al also reported

somatic MTOR mutations in FCD type IIa.36 Therefore,

a further study with a large number of FCD type IIa

cases would be necessary for better understanding of the

molecular profiles and precise pathomechanisms underly-

ing FCD type IIa. In control neocortical tissues, we

found no dysmorphic neurons, balloon cells, or apparent

cytoarchitectural abnormalities without any trace of aber-

rant mTOR signaling (Fig 4D, E). Consistent with this,

FIGURE 6: Schematic presentation of the mammalian target
of rapamycin (mTOR)-signaling pathway. Upstream regula-
tors of mTOR complex 1 (mTORC1), after stimulation with
growth factors, are PI3K, Akt, TSC1/2, and Rheb. PTEN sup-
presses Akt activity. Another regulatory pathway that is
activated by amino acids is Rags/Ragulator signaling.
Gator1 suppresses mTORC1 activity. Activated mTORC1
directly phosphorylates 4EBP, p70S6K, and ULK1. Focal
cortical dysplasia is caused by gain-of-function mutations
(red arrows) or loss-of-function mutations (blue arrows) in
mTOR-related genes. Black arrows and cross-end bars indi-
cate activation of phosphorylation and inhibition of phos-
phorylation, respectively.
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we observed no apparent phospho-S6 immunoreactivity

in FCD type I (data not shown).mTOR activity is con-

trolled by various extracellular cues, such as nutrients and

growth factors in the brain.8 In a culture system, all of

the mutants found in this study were constitutively active

(Fig 5E), regardless of any extracellular stimuli. There-

fore, these somatic mutations could induce dysregulation

of growth of neurons and glia, or presumably of their

progenitors during brain development. A large number

of somatic mutations in cancer cells are clustered in the

FAT domains or the kinase domains, and most activate

the mTOR-signaling pathway.6,33 The mTOR protein

can form two distinct complexes—mTORC1 and

mTOR complex 2 (mTORC2)—and involvement of

these different complexes results in divergence of the sig-

naling pathway into two distinct channels. mTORC1 is

composed of mTOR, mLST8, and Raptor and phospho-

rylates the downstream proteins, S6K1 and 4EBP, which

regulate cell growth, proliferation, ribosome biogenesis,

and autophagy (Fig 6).32,40 mTORC2 is composed of

mTOR, mLST8, Rictor, and mSin1 and phosphorylates

Akt, PKC, and SGK, which are involved in cell cycle,

cell survival, and actin organization and morphol-

ogy.32,40,41 Rapamycin, an allosteric inhibitor of mTOR,

binds to mTOR with FKBP12 and inhibits kinase activ-

ity of mTORC1. mTORC1 is known to play a pivotal

role in cerebral cortical development, though little is

known about mTORC2.8,9 The mutations, p.Ser2215Tyr

and p.Leu1460Pro, lead to the constitutive activation of

mTORC1 signaling, but not that of mTORC2, and

both mutations are sensitive to rapamycin.6,42 These

findings imply that mTOR inhibitors would be able to

alleviate intractable epilepsy in FCD type IIb.
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(Fig 5E). Signal intensities of all MTOR mutants were

comparable with that of the plasmid carrying a hyperac-

tive mutation of rat mTOR, which was used as a positive

control.34

Discussion

We found that the low-prevalence somatic MTOR muta-

tions in 6 of 13 individuals with FCD type IIb (46%;

Table 2 and Supporting Table 4). While this article was

being reviewed, Lim et al also reported that somatic

MTOR mutations caused FCD type IIb.36 These results

corroborated that low-prevalence somatic MTOR muta-

tion is one of the genetic causes in FCD type IIb. How-

ever, there may be mutations in up- or downstream

genes in the mTOR cascade in the other subjects having

no MTOR mutation (Fig 6). Indeed, somatic mutations

in PTEN and germline mutations in DEPDC5, encoding

a component of Gator1, were reported in FCD type

IIb.16–18,37 PTEN is one of the tumor-suppressor genes,

encoding plasma membrane lipid phosphatase, which

antagonizes PI3K-Akt signaling.38 Gator1 has GTPase-

activating activity for RagA/B and thus suppresses

mTORC1 activity in static and low-amino-acid condi-

tions.39 Therefore, loss of function in PTEN and Gator1

may cause mTOR activation. Similarly, mutations in

other genes involved in the mTOR cascade are involved

in tuberous sclerosis (with mutations in TSC1 and

TSC2) and hemimegalencephaly (with mutations in

AKT3, DEPDC5, MTOR, PIK3CA, and PTEN), which
share histopathological similarities.12–17,19,37 These find-

ings strongly suggest that unidentified mutations in

related molecules of the mTOR pathway may possibly be

the pathogenesis of FCD type IIb.

Somatic MTOR mutations in FCD type IIb are

likely to cause hyperactivation of the mTOR-signaling

pathway, which is involved in growth, migration, and the

maturation of neurons and glial cells.8 All individuals

with MTOR mutations showed distinctive balloon cells

in their brain tissues (Fig 3 C, F, I, L, O, R). Such cells

are also observed in tuberous sclerosis and hemimegalen-

cephaly, in which the mTOR-signaling pathway is acti-

vated,2,8,10,13,32 raising the possibility that they are

markers of aberrant mTOR signaling. Our IHC and

Western blotting results clearly demonstrated high levels

of phospho-S6, the well-known hallmark of mTOR cas-

cade activation, in FCD type IIb lesions with MTOR
mutations, specifically in dysmorphic neurons and bal-

loon cells (Fig 4A, B, E). We failed to detect apparent

differences on IHC expression of phospho-S6 between

FCD type IIb with and without mutations (Fig 4A–C).

In both cases, a large proportion of the abnormal cells

(dysmorphic neurons and balloon cells) were phospho-

S6-positive. Furthermore, we found no clinical differen-

ces between FCD type IIb individuals with or without

MTOR mutations. These findings supported the hypoth-

esis that MTOR-mutation–negative subjects may have

mutations in other molecular members of the pathway,

which lead to net activation of the mTOR signaling.19

We also investigated MTOR mutations in limited

numbers of brain samples with FCD type I and IIa (six

in type I and five in type IIa) and found no associated

variants (Supporting Table 3). IHC examination of FCD

type IIa revealed that many dysmorphic neurons showed

phospho-S6-immunoreactivity as those noted in FCD

type IIb (data not shown). In our series of FCD type IIa,

both the number of dysmorphic neurons and intensities

of phospho-S6-immunopositivity differed markedly

among cases. Interestingly, Lim et al also reported

somatic MTOR mutations in FCD type IIa.36 Therefore,

a further study with a large number of FCD type IIa

cases would be necessary for better understanding of the

molecular profiles and precise pathomechanisms underly-

ing FCD type IIa. In control neocortical tissues, we

found no dysmorphic neurons, balloon cells, or apparent

cytoarchitectural abnormalities without any trace of aber-

rant mTOR signaling (Fig 4D, E). Consistent with this,

FIGURE 6: Schematic presentation of the mammalian target
of rapamycin (mTOR)-signaling pathway. Upstream regula-
tors of mTOR complex 1 (mTORC1), after stimulation with
growth factors, are PI3K, Akt, TSC1/2, and Rheb. PTEN sup-
presses Akt activity. Another regulatory pathway that is
activated by amino acids is Rags/Ragulator signaling.
Gator1 suppresses mTORC1 activity. Activated mTORC1
directly phosphorylates 4EBP, p70S6K, and ULK1. Focal
cortical dysplasia is caused by gain-of-function mutations
(red arrows) or loss-of-function mutations (blue arrows) in
mTOR-related genes. Black arrows and cross-end bars indi-
cate activation of phosphorylation and inhibition of phos-
phorylation, respectively.
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we observed no apparent phospho-S6 immunoreactivity

in FCD type I (data not shown).mTOR activity is con-

trolled by various extracellular cues, such as nutrients and

growth factors in the brain.8 In a culture system, all of

the mutants found in this study were constitutively active

(Fig 5E), regardless of any extracellular stimuli. There-

fore, these somatic mutations could induce dysregulation

of growth of neurons and glia, or presumably of their

progenitors during brain development. A large number

of somatic mutations in cancer cells are clustered in the

FAT domains or the kinase domains, and most activate

the mTOR-signaling pathway.6,33 The mTOR protein

can form two distinct complexes—mTORC1 and

mTOR complex 2 (mTORC2)—and involvement of

these different complexes results in divergence of the sig-

naling pathway into two distinct channels. mTORC1 is

composed of mTOR, mLST8, and Raptor and phospho-

rylates the downstream proteins, S6K1 and 4EBP, which

regulate cell growth, proliferation, ribosome biogenesis,

and autophagy (Fig 6).32,40 mTORC2 is composed of

mTOR, mLST8, Rictor, and mSin1 and phosphorylates

Akt, PKC, and SGK, which are involved in cell cycle,

cell survival, and actin organization and morphol-

ogy.32,40,41 Rapamycin, an allosteric inhibitor of mTOR,

binds to mTOR with FKBP12 and inhibits kinase activ-

ity of mTORC1. mTORC1 is known to play a pivotal

role in cerebral cortical development, though little is

known about mTORC2.8,9 The mutations, p.Ser2215Tyr

and p.Leu1460Pro, lead to the constitutive activation of

mTORC1 signaling, but not that of mTORC2, and

both mutations are sensitive to rapamycin.6,42 These

findings imply that mTOR inhibitors would be able to

alleviate intractable epilepsy in FCD type IIb.
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of patients with diffuse gliomas
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Genetic and epigenetic status, including mutations of
isocitrate dehydrogenase (IDH) and TP53 and methylation
of O6-methylguanine-DNA methyltransferase (MGMT),
are associated with the development of various types of
glioma and are useful for prognostication. Here, using rou-
tinely available histology sections from 312 patients with
diffuse gliomas,we performed immunohistochemistry using
antibodies specific for IDH1 mutation, MGMT methylation
status, and aberrant p53 expression to evaluate the possible
prognostic significance of these features. With regard to
overall survival (OS), univariate analysis indicated that an
IDH1-positive profile in patients with glioblastoma (GBM),
anaplastic astrocytoma (AA), anaplastic oligoastrocytoma
and oligodendroglioma, or a MGMT-negative profile in
patients with GBM and AA were significantly associated
with a favorable outcome. Multivariate analysis revealed
that both profiles were independent factors influencing
prognosis. The OS of patients with IDH1-positive/MGMT-
negative profiles was significantly longer than that of
patients with negative/negative and negative/positive pro-
files. A p53 profile was not an independent prognostic
factor. However, for GBM/AA patients with IDH1-
negative/MGMT-negative profiles, p53 overexpression was
significantly associated with an unfavorable outcome.Thus,
the immunohistochemical profiles of IDH1 and MGMT are
of considerable significance in gliomas, and a combination
of IDH1, MGMT and p53 profiles may be useful for prog-
nostication of GBM/AA.

Key words: glioma, IDH1, immunohistochemistry, MGMT,
p53.

INTRODUCTION

Glioma is the most common type of primary brain tumor.
Recent molecular studies of various histopathological
types of glioma1 have revealed several genetic pathways
critical for the development of astrocytic and oligoden-
droglial tumors.2,3 For prognostication of patients with
diffuse gliomas, it has been shown that the molecular pro-
files of isocitrate dehydrogenase 1/2 (IDH1/2) mutation,
O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter methylation, 1p19q co-deletion, and glioma CpG
island methylator phenotype (G-CIMP) are possible
factors, whereas the impact of TP53 and EGFR mutation
has remained unclear.4 Moreover, a recent genetic and
epigenetic study has revealed that a combination of IDH1
mutation and MGMT methylation status outperforms
information about either IDH1 or MGMT alone in pre-
dicting the survival of patients with glioblastoma (GBM).5

Thus, in clinical practice, it is important to have informa-
tion on these molecular profiles. However, identification of
molecular profiles by DNA sequencing requires intensive
laboratory work by trained personnel using specialized
equipment, and therefore the methodology is not always
available for daily clinical use at every medical center.

On the other hand, immunohistochemistry is a technique
that can be applied to routinely available histology sections.
For detection of IDH1 mutations, an IDH1-R132H
mutation-specific antibody is available, and the results show
concordance with DNA sequencing without any cross-
reactivity with the wild-type or other mutant IDH1
proteins.6,7 Moreover, immunohistochemistry with a mono-
clonal antibody MT3.1 against MGMT protein has been

Correspondence: Akiyoshi Kakita, MD, PhD, Department of
Pathology, Brain Research Institute, University of Niigata, 1-757
Asahimachi, Chuo-ku, Niigata 951-8585, Japan. Email: kakita@
bri.niigata-u.ac.jp

Received 21 October 2014; revised 21 December 2014 and accepted
22 December 2014; published online 6 May 2015.

bs_bs_banner

Neuropathology 2015; 35, 324–335 doi:10.1111/neup.12196

© 2015 Japanese Society of Neuropathology



－  157  －

12. Riviere JB, Mirzaa GM, O’Roak BJ, et al. De novo germline and
postzygotic mutations in AKT3, PIK3R2 and PIK3CA cause a
spectrum of related megalencephaly syndromes. Nat Genet 2012;
44:934–940.

13. Lee JH, Huynh M, Silhavy JL, et al. De novo somatic mutations in
components of the PI3K-AKT3-mTOR pathway cause hemimega-
lencephaly. Nat Genet 2012;44:941–945.

14. Lindhurst MJ, Sapp JC, Teer JK, et al. A mosaic activating
mutation in AKT1 associated with the Proteus syndrome. N Engl J
Med 2011;365:611–619.

15. Poduri A, Evrony GD, Cai X, et al. Somatic activation of AKT3
causes hemispheric developmental brain malformations. Neuron
2012;74:41–48.

16. D’Gama AM, Geng Y, Couto JA, et al. Mammalian target of
rapamycin pathway mutations cause hemimegalencephaly and
focal cortical dysplasia. Ann Neurol. 2015;77:720–725.

17. Baulac S, Ishida S, Marsan E, et al. Familial focal epilepsy with
focal cortical dysplasia due to DEPDC5 mutations. Ann Neurol
2015;77:675–683.

18. Schick V, Majores M, Engels G, et al. Activation of Akt
independent of PTEN and CTMP tumor-suppressor gene muta-
tions in epilepsy-associated Taylor-type focal cortical dysplasias.
Acta Neuropathol 2006;112:715–725.

19. Jansen LA, Mirzaa GM, Ishak GE, et al. PI3K/AKT pathway
mutations cause a spectrum of brain malformations from
megalencephaly to focal cortical dysplasia. Brain 2015;138(Pt 6):
1613–1628.

20. Cibulskis K, Lawrence MS, Carter SL, et al. Sensitive detection of
somatic point mutations in impure and heterogeneous cancer
samples. Nat Biotechnol 2013;31:213–219.

21. Koboldt DC, Zhang Q, Larson DE, et al. VarScan 2: somatic
mutation and copy number alteration discovery in cancer by
exome sequencing. Genome Res 2012;22:568–576.

22. Genomes Project C, Abecasis GR, Altshuler D, et al. A map of
human genome variation from population-scale sequencing.
Nature 2010;467:1061–1073.

23. Genomes Project C, Abecasis GR, Auton A, et al. An integrated
map of genetic variation from 1,092 human genomes. Nature
2012;491:56–65.

24. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data.
Nucleic Acids Res 2010;38:e164.

25. Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics
Viewer (IGV): high-performance genomics data visualization and
exploration. Brief Bioinform 2013;14:178–192.

26. Miyahara H, Natsumeda M, Shiga A, et al. Suppressed expression
of autophagosomal protein LC3 in cortical tubers of tuberous
sclerosis complex. Brain Pathol 2013;23:254–262.

27. Guerois R, Nielsen JE, Serrano L. Predicting changes in the
stability of proteins and protein complexes: a study of more than
1000 mutations. J Mol Biol 2002;320:369–387.

28. Mizushima S, Nagata S. pEF-BOS, a powerful mammalian
expression vector. Nucleic Acids Res 1990;18:5322.

29. Eguchi S, Tokunaga C, Hidayat S, et al. Different roles for the
TOS and RAIP motifs of the translational regulator protein 4E-BP1
in the association with raptor and phosphorylation by mTOR in
the regulation of cell size. Genes Cells 2006;11:757–766.

30. Takei N, Inamura N, Kawamura M, et al. Brain-derived
neurotrophic factor induces mammalian target of rapamycin-
dependent local activation of translation machinery and protein
synthesis in neuronal dendrites. J Neurosci 2004;24:9760–9769.

31. Yang H, Rudge DG, Koos JD, et al. mTOR kinase structure,
mechanism and regulation. Nature 2013;497:217–223.

32. Laplante M, Sabatini DM. mTOR signaling in growth control and
disease. Cell 2012;149:274–293.

33. .Urano J, Sato T, Matsuo T, et al. Point mutations in TOR confer
Rheb-independent growth in fission yeast and nutrient-
independent mammalian TOR signaling in mammalian cells. Proc
Natl Acad Sci U S A 2007;104:3514–3519.

34. Ohne Y, Takahara T, Hatakeyama R, et al. Isolation of hyperactive
mutants of mammalian target of rapamycin. J Biol Chem 2008;
283:31861–31870.

35. Reinke A, Chen JC, Aronova S, Powers T. Caffeine targets TOR
complex I and provides evidence for a regulatory link between
the FRB and kinase domains of Tor1p. J Biol Chem 2006;281:
31616–31626.

36. Lim JS, Kim WI, Kang HC, et al. Brain somatic mutations in MTOR
cause focal cortical dysplasia type II leading to intractable
epilepsy. Nat Med 2015;21:395–400.

37. Scheffer IE, Heron SE, Regan BM, et al. Mutations in mammalian
target of rapamycin regulator DEPDC5 cause focal epilepsy with
brain malformations. Ann Neurol 2014;75:782–787.

38. Salmena L, Carracedo A, Pandolfi PP. Tenets of PTEN tumor
suppression. Cell 2008;133:403–414.

39. Bar-Peled L, Chantranupong L, Cherniack AD, et al. A Tumor
suppressor complex with GAP activity for the Rag GTPases that
signal amino acid sufficiency to mTORC1. Science 2013;340:1100–
1106.

40. Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal
integration to cancer, diabetes and ageing. Nat Rev Mol Cell Biol
2011;12:21–35.

41. Loewith R, Jacinto E, Wullschleger S, et al. Two TOR complexes,
only one of which is rapamycin sensitive, have distinct roles in cell
growth control. Mol Cell 2002;10:457–468.

42. Grabiner BC, Nardi V, Birsoy K, et al. A diverse array of cancer-
associated MTOR mutations are hyperactivating and can predict
rapamycin sensitivity. Cancer Discov 2014;4:554–563.

ANNALS of Neurology

386 Volume 78, No. 3

Original Article

Immunohistochemical profiles of IDH1, MGMT
and P53: Practical significance for prognostication

of patients with diffuse gliomas
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Genetic and epigenetic status, including mutations of
isocitrate dehydrogenase (IDH) and TP53 and methylation
of O6-methylguanine-DNA methyltransferase (MGMT),
are associated with the development of various types of
glioma and are useful for prognostication. Here, using rou-
tinely available histology sections from 312 patients with
diffuse gliomas,we performed immunohistochemistry using
antibodies specific for IDH1 mutation, MGMT methylation
status, and aberrant p53 expression to evaluate the possible
prognostic significance of these features. With regard to
overall survival (OS), univariate analysis indicated that an
IDH1-positive profile in patients with glioblastoma (GBM),
anaplastic astrocytoma (AA), anaplastic oligoastrocytoma
and oligodendroglioma, or a MGMT-negative profile in
patients with GBM and AA were significantly associated
with a favorable outcome. Multivariate analysis revealed
that both profiles were independent factors influencing
prognosis. The OS of patients with IDH1-positive/MGMT-
negative profiles was significantly longer than that of
patients with negative/negative and negative/positive pro-
files. A p53 profile was not an independent prognostic
factor. However, for GBM/AA patients with IDH1-
negative/MGMT-negative profiles, p53 overexpression was
significantly associated with an unfavorable outcome.Thus,
the immunohistochemical profiles of IDH1 and MGMT are
of considerable significance in gliomas, and a combination
of IDH1, MGMT and p53 profiles may be useful for prog-
nostication of GBM/AA.

Key words: glioma, IDH1, immunohistochemistry, MGMT,
p53.

INTRODUCTION

Glioma is the most common type of primary brain tumor.
Recent molecular studies of various histopathological
types of glioma1 have revealed several genetic pathways
critical for the development of astrocytic and oligoden-
droglial tumors.2,3 For prognostication of patients with
diffuse gliomas, it has been shown that the molecular pro-
files of isocitrate dehydrogenase 1/2 (IDH1/2) mutation,
O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter methylation, 1p19q co-deletion, and glioma CpG
island methylator phenotype (G-CIMP) are possible
factors, whereas the impact of TP53 and EGFR mutation
has remained unclear.4 Moreover, a recent genetic and
epigenetic study has revealed that a combination of IDH1
mutation and MGMT methylation status outperforms
information about either IDH1 or MGMT alone in pre-
dicting the survival of patients with glioblastoma (GBM).5

Thus, in clinical practice, it is important to have informa-
tion on these molecular profiles. However, identification of
molecular profiles by DNA sequencing requires intensive
laboratory work by trained personnel using specialized
equipment, and therefore the methodology is not always
available for daily clinical use at every medical center.

On the other hand, immunohistochemistry is a technique
that can be applied to routinely available histology sections.
For detection of IDH1 mutations, an IDH1-R132H
mutation-specific antibody is available, and the results show
concordance with DNA sequencing without any cross-
reactivity with the wild-type or other mutant IDH1
proteins.6,7 Moreover, immunohistochemistry with a mono-
clonal antibody MT3.1 against MGMT protein has been
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employed to assess in vivo MGMT methylation status, and a
significant negative association of MGMT with survival has
been detected in patients with WHO grades II and IV
astrocytomas.8 Furthermore, immunohistochemical detec-
tion of overall p53 protein expression may be an independ-
ent indicator of shorter survival in patients with astrocytic
tumors, even though overexpression of p53 is not always
associated with point mutations in the TP53 gene.9 In the
present study, we performed immunohistochemistry using
antibodies specific for IDH1 mutation, MGMT status, and
aberrant p53 expression in order to evaluate the possible
prognostic significance of these features and their combina-
tions in patients with diffuse gliomas.

MATERIALS AND METHODS

Patients

We reviewed the medical records of 312 consecutive
patients (175 male, 137 female: age at surgery, mean 1
SD = 58.4 1 15.6 years) who were admitted to the Univer-
sity of Niigata Hospital, Japan, between 2000 and 2013, and
were diagnosed pathologically as having diffuse gliomas,
including diffuse astrocytoma (DA), oligodendroglioma
(OD), oligoastrocytoma (OA), anaplastic astrocytoma

(AA), anaplastic oligodendroglioma (AOD), anaplastic
oligoastrocytoma (AOA) and GBM. The study was
approved by the hospital Ethics Committee, and written
informed consent to use resected tissues for research pur-
poses was obtained from all patients. First, in accordance
with the histopathological diagnosis of diffuse gliomas,1 the
patients were divided into five groups: GBM, AA, AOA/
AOD, DA and OA/OD. Table 1 summarizes the clinical
profiles of the patients in each of these histologically
defined groups.

Histology and immunohistochemistry

The surgical specimens were fixed with 20% buffered for-
malin and embedded in paraffin. Histopathological exami-
nation was performed on 4-μm-thick sections stained with
HE. The paraffin-embedded sections were processed
for immunohistochemistry using methods previously
described.10 Primary monoclonal antibodies against the
following antigens were used: human IDH1 R132H (clone
H09; Dianova, Hamburg, Germany; dilution 1:100),
MGMT (clone MT3.1; Chemicon International, Temecula,
CA, USA; 1:50), and human p53 (clone DO-7; Dako,
Glostrup, Denmark; 1:50). Immunohistochemical fea-
tures were evaluated by two persons (RO and YT)

Table 1 Clinical profiles of patients in each group

Group Grade IV Grade III Grade II

GBM AA AOA/AOD DA OA/OD

No. of patients 165 61 40 19 27
Age (years)

Median 64 58 59 38 45
Range 18−85 24–89 22–81 24–67 25–74

Age (years), n (%)
<50 25 (15.1) 23 (37.7) 8 (20) 12 (63.2) 15 (55.6)
50–59 years 26 (15.8) 10 (16.4) 11 (27.5) 5 (26.3) 4 (14.8)
60–69 years 60 (36.4) 7 (11.5) 10 (25.0) 2 (10.5) 6 (22.2)
≧70 54 (32.7) 21 (34.4) 11 (27.5) 0 2 (7.4)

Gender, n (%)
Male 93 (56.3) 33 (54.1) 26 (65) 9 (47.4) 14 (51.9)
Female 72 (43.6) 28 (45.9) 14 (35) 10 (52.6) 13 (48.1)

KPS, n (%)
100 4 (2.4) 11 (18.0) 4 (10.0) 12 (63.2) 9 (33.3)
70–90 95 (57.6) 32 (52.5) 19 (47.5) 7 (36.8) 17 (63.0)
<70 66 (40.0) 18 (29.5) 17 (42.5) 0 1 (3.7)

Surgery, n (%)
Total/Subtotal 72 (43.6) 12 (19.6) 21 (52.5) 12 (63.2) 17 (63.0)
Partial 53 (32.1) 27 (44.3) 19 (47.5) 7 (36.8) 9 (33.3)
Stereo biopsy 38 (23.0) 19 (31.2) 0 0 1 (3.7)
Others 2 (1.2) 3 (4.9) 0 0 0

Initial treatment, n (%)
None 8 (4.8) 2 (3.3) 0 12 (63.2) 11 (40.7)
RT alone 61 (37.0) 21 (34.4) 8 (20.0) 7 (36.8) 16 (59.3)
CRT 95 (57.6) 36 (59.0) 32 (80.0) 0 0
Others 1 (0.6) 2 (3.3) 0 0 0

GBM, glioblastoma; AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocy-
toma; OA, oligoastrocyotma; OD, oligodendroglioma; KPS, Karnofsky performance status; RT, radiotherapy; CRT, chemoradiotherapy.
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independently without information on the patients’ pro-
files or histological grades, and then were confirmed by a
pathologist (AK).

IDH1 mutations: direct DNA sequencing and
immunohistochemical evaluation

Genomic DNA was extracted from paraffin-embedded
sections, as described previously,11 and PCR amplification
was performed using primer sets (forward: 5′-CGGTCT
TCAGAGAAGCCATT-3′; and reverse: 5′-TTCATACC
TTGCTTAATGGGTGT-3′) for exon 4 of the IDH1 gene
around the R132 residue. The PCR products were then
sequenced on a 3130xl Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) with a Big Dye Termi-
nator v1.1 Cycle Sequencing Kit (Applied Biosystems) in
accordance with the manufacturer’s instructions.

IDH1 immunoreactivity was judged as “positive” when
a large proportion of tumor cells showed strong cytoplas-
mic reactivity (Fig. 1A), whereas it was regarded as “nega-
tive” if weak or no reactivity was observed (Fig. 1B).
Labeling of macrophages was ignored.

To compare the results of both direct DNA sequencing
and immunohistochemistry, we preliminarily applied both
methods to specimens taken from 37 patients with GBM.
All four patients with an IDH1-immunopositive profile
showed an identical heterozygous mutation in IDH1
(CGT→CAT) (Fig. 1C) resulting in an Arg→His (R132H)
amino acid substitution. The other 33 patients with
an IDH1-immunonegative profile showed the wild-type
IDH1 gene. Furthermore, direct DNA sequencing using
samples taken from areas with sparsely infiltrating tumor
cells failed to detect the mutation, although in one patient
with anaplastic astrocytoma immunohistochemistry dem-
onstrated a small number of positive cells in this type of
area (Fig. 1C). Thus, application of immunohistochemistry
for detection of IDH1 R132H mutation was shown to be
reliable and of practical use.

Evaluation of MGMT and p53

MGMT immunoreactivity was evaluated in representative
areas of the tumors showing the characteristic features
defining their histological grades.1 Individual tumor nuclei
were regarded as positive when they showed an intensity
similar to that of vascular endothelial cells used as an inter-
nal positive control (Fig. 1D,E). In accordance with a
previous report,12 we determined percentages of MGMT-
positive tumor cells in individual cases by continuously
counting over 400 nuclei observed in high-magnification
views. We carefully excluded possible positive staining of
non-neoplastic cells, including oligodendrocytes and infil-
trating inflammatory cells.13,14 For individual cases, when
the proportion of labeled nuclei/all tumor nuclei was 30%

or more, the case was regarded as “positive”, whereas a
case was considered “negative” when the proportion was
less than 30% (Fig. 1D,E). Indeed, there was a clear differ-
ence between the numbers of “negative” and “positive”
cases (Fig. 1F), which enabled us to judge with confidence.
Immunonegativity for MGMT may represent the
methylation status of the MGMT gene, and is positively
linked to the response of a tumor to chemotherapy.15

Evaluation of p53 expression was performed in a semi-
quantitative manner by continuously counting over 1000
tumor cells in the areas of highest expression.According to
the percentage of tumor cells showing reactivity, we distin-
guished four groups: many (>50%), several (10–50%), rare
(<10%), or no cells positive (Fig. 1G–J).16 In accordance
with previous reports,9,17 we considered cases in the many
and several groups as “positive” and those in the rare and
negative groups as “negative”.

Statistical analysis

Data analysis was carried out using the SPSS ver17.0
software package (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 5.0 statistical software (http://graphpad-
prism.software.informer.com/5.0/). Overall survival (OS)
and progression-free survival (PFS) were calculated from
the time of surgery until death, disease progression, or last
follow-up according to the Kaplan-Meier method with log-
rank test for comparison between groups. Univariate and
multivariate analysis with the Cox proportional hazards
model was used to assess prognostic factors. Results are
expressed as relative risk with the 95% confidence interval
(95% CI).

RESULTS

Significance of immunohistochemical profiles of
IDH1, MGMT and p53

Tables 2 and 3 summarize the immunohistochemical pro-
files and their prognostic values in terms of OS and PFS for
patients included in each of the histologically defined
groups. Figure 2 shows the Kaplan-Meier curves of the OS
rate and median OS (mOS) for patients with grades III/IV
malignant astrocytomas (AA/GBM).

The numbers of patients with IDH1-positive profiles
were significantly higher and lower than those of patients
with IDH1-negative profiles for grade II (DA, P = 0.003;
OA/OD, P = 0.004) and grades III (AA, P = 0.007)/IV
(GBM, P < 0.001) gliomas, respectively, and there were no
significant differences in the numbers of patients with both
profiles in the AOA/AOD group (P = 0.114). The numbers
of patients with MGMT-negative profiles in the oligoden-
droglial tumor groups (OA/OD, P = 0.001; AOA/AOD,
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employed to assess in vivo MGMT methylation status, and a
significant negative association of MGMT with survival has
been detected in patients with WHO grades II and IV
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tion of overall p53 protein expression may be an independ-
ent indicator of shorter survival in patients with astrocytic
tumors, even though overexpression of p53 is not always
associated with point mutations in the TP53 gene.9 In the
present study, we performed immunohistochemistry using
antibodies specific for IDH1 mutation, MGMT status, and
aberrant p53 expression in order to evaluate the possible
prognostic significance of these features and their combina-
tions in patients with diffuse gliomas.

MATERIALS AND METHODS

Patients

We reviewed the medical records of 312 consecutive
patients (175 male, 137 female: age at surgery, mean 1
SD = 58.4 1 15.6 years) who were admitted to the Univer-
sity of Niigata Hospital, Japan, between 2000 and 2013, and
were diagnosed pathologically as having diffuse gliomas,
including diffuse astrocytoma (DA), oligodendroglioma
(OD), oligoastrocytoma (OA), anaplastic astrocytoma

(AA), anaplastic oligodendroglioma (AOD), anaplastic
oligoastrocytoma (AOA) and GBM. The study was
approved by the hospital Ethics Committee, and written
informed consent to use resected tissues for research pur-
poses was obtained from all patients. First, in accordance
with the histopathological diagnosis of diffuse gliomas,1 the
patients were divided into five groups: GBM, AA, AOA/
AOD, DA and OA/OD. Table 1 summarizes the clinical
profiles of the patients in each of these histologically
defined groups.

Histology and immunohistochemistry

The surgical specimens were fixed with 20% buffered for-
malin and embedded in paraffin. Histopathological exami-
nation was performed on 4-μm-thick sections stained with
HE. The paraffin-embedded sections were processed
for immunohistochemistry using methods previously
described.10 Primary monoclonal antibodies against the
following antigens were used: human IDH1 R132H (clone
H09; Dianova, Hamburg, Germany; dilution 1:100),
MGMT (clone MT3.1; Chemicon International, Temecula,
CA, USA; 1:50), and human p53 (clone DO-7; Dako,
Glostrup, Denmark; 1:50). Immunohistochemical fea-
tures were evaluated by two persons (RO and YT)

Table 1 Clinical profiles of patients in each group

Group Grade IV Grade III Grade II

GBM AA AOA/AOD DA OA/OD

No. of patients 165 61 40 19 27
Age (years)

Median 64 58 59 38 45
Range 18−85 24–89 22–81 24–67 25–74

Age (years), n (%)
<50 25 (15.1) 23 (37.7) 8 (20) 12 (63.2) 15 (55.6)
50–59 years 26 (15.8) 10 (16.4) 11 (27.5) 5 (26.3) 4 (14.8)
60–69 years 60 (36.4) 7 (11.5) 10 (25.0) 2 (10.5) 6 (22.2)
≧70 54 (32.7) 21 (34.4) 11 (27.5) 0 2 (7.4)

Gender, n (%)
Male 93 (56.3) 33 (54.1) 26 (65) 9 (47.4) 14 (51.9)
Female 72 (43.6) 28 (45.9) 14 (35) 10 (52.6) 13 (48.1)

KPS, n (%)
100 4 (2.4) 11 (18.0) 4 (10.0) 12 (63.2) 9 (33.3)
70–90 95 (57.6) 32 (52.5) 19 (47.5) 7 (36.8) 17 (63.0)
<70 66 (40.0) 18 (29.5) 17 (42.5) 0 1 (3.7)

Surgery, n (%)
Total/Subtotal 72 (43.6) 12 (19.6) 21 (52.5) 12 (63.2) 17 (63.0)
Partial 53 (32.1) 27 (44.3) 19 (47.5) 7 (36.8) 9 (33.3)
Stereo biopsy 38 (23.0) 19 (31.2) 0 0 1 (3.7)
Others 2 (1.2) 3 (4.9) 0 0 0

Initial treatment, n (%)
None 8 (4.8) 2 (3.3) 0 12 (63.2) 11 (40.7)
RT alone 61 (37.0) 21 (34.4) 8 (20.0) 7 (36.8) 16 (59.3)
CRT 95 (57.6) 36 (59.0) 32 (80.0) 0 0
Others 1 (0.6) 2 (3.3) 0 0 0

GBM, glioblastoma; AA, anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocy-
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independently without information on the patients’ pro-
files or histological grades, and then were confirmed by a
pathologist (AK).

IDH1 mutations: direct DNA sequencing and
immunohistochemical evaluation

Genomic DNA was extracted from paraffin-embedded
sections, as described previously,11 and PCR amplification
was performed using primer sets (forward: 5′-CGGTCT
TCAGAGAAGCCATT-3′; and reverse: 5′-TTCATACC
TTGCTTAATGGGTGT-3′) for exon 4 of the IDH1 gene
around the R132 residue. The PCR products were then
sequenced on a 3130xl Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) with a Big Dye Termi-
nator v1.1 Cycle Sequencing Kit (Applied Biosystems) in
accordance with the manufacturer’s instructions.

IDH1 immunoreactivity was judged as “positive” when
a large proportion of tumor cells showed strong cytoplas-
mic reactivity (Fig. 1A), whereas it was regarded as “nega-
tive” if weak or no reactivity was observed (Fig. 1B).
Labeling of macrophages was ignored.

To compare the results of both direct DNA sequencing
and immunohistochemistry, we preliminarily applied both
methods to specimens taken from 37 patients with GBM.
All four patients with an IDH1-immunopositive profile
showed an identical heterozygous mutation in IDH1
(CGT→CAT) (Fig. 1C) resulting in an Arg→His (R132H)
amino acid substitution. The other 33 patients with
an IDH1-immunonegative profile showed the wild-type
IDH1 gene. Furthermore, direct DNA sequencing using
samples taken from areas with sparsely infiltrating tumor
cells failed to detect the mutation, although in one patient
with anaplastic astrocytoma immunohistochemistry dem-
onstrated a small number of positive cells in this type of
area (Fig. 1C). Thus, application of immunohistochemistry
for detection of IDH1 R132H mutation was shown to be
reliable and of practical use.

Evaluation of MGMT and p53

MGMT immunoreactivity was evaluated in representative
areas of the tumors showing the characteristic features
defining their histological grades.1 Individual tumor nuclei
were regarded as positive when they showed an intensity
similar to that of vascular endothelial cells used as an inter-
nal positive control (Fig. 1D,E). In accordance with a
previous report,12 we determined percentages of MGMT-
positive tumor cells in individual cases by continuously
counting over 400 nuclei observed in high-magnification
views. We carefully excluded possible positive staining of
non-neoplastic cells, including oligodendrocytes and infil-
trating inflammatory cells.13,14 For individual cases, when
the proportion of labeled nuclei/all tumor nuclei was 30%

or more, the case was regarded as “positive”, whereas a
case was considered “negative” when the proportion was
less than 30% (Fig. 1D,E). Indeed, there was a clear differ-
ence between the numbers of “negative” and “positive”
cases (Fig. 1F), which enabled us to judge with confidence.
Immunonegativity for MGMT may represent the
methylation status of the MGMT gene, and is positively
linked to the response of a tumor to chemotherapy.15

Evaluation of p53 expression was performed in a semi-
quantitative manner by continuously counting over 1000
tumor cells in the areas of highest expression.According to
the percentage of tumor cells showing reactivity, we distin-
guished four groups: many (>50%), several (10–50%), rare
(<10%), or no cells positive (Fig. 1G–J).16 In accordance
with previous reports,9,17 we considered cases in the many
and several groups as “positive” and those in the rare and
negative groups as “negative”.

Statistical analysis

Data analysis was carried out using the SPSS ver17.0
software package (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 5.0 statistical software (http://graphpad-
prism.software.informer.com/5.0/). Overall survival (OS)
and progression-free survival (PFS) were calculated from
the time of surgery until death, disease progression, or last
follow-up according to the Kaplan-Meier method with log-
rank test for comparison between groups. Univariate and
multivariate analysis with the Cox proportional hazards
model was used to assess prognostic factors. Results are
expressed as relative risk with the 95% confidence interval
(95% CI).

RESULTS

Significance of immunohistochemical profiles of
IDH1, MGMT and p53

Tables 2 and 3 summarize the immunohistochemical pro-
files and their prognostic values in terms of OS and PFS for
patients included in each of the histologically defined
groups. Figure 2 shows the Kaplan-Meier curves of the OS
rate and median OS (mOS) for patients with grades III/IV
malignant astrocytomas (AA/GBM).

The numbers of patients with IDH1-positive profiles
were significantly higher and lower than those of patients
with IDH1-negative profiles for grade II (DA, P = 0.003;
OA/OD, P = 0.004) and grades III (AA, P = 0.007)/IV
(GBM, P < 0.001) gliomas, respectively, and there were no
significant differences in the numbers of patients with both
profiles in the AOA/AOD group (P = 0.114). The numbers
of patients with MGMT-negative profiles in the oligoden-
droglial tumor groups (OA/OD, P = 0.001; AOA/AOD,
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Fig. 1 Evaluation of isocitrate dehydrogenase 1 (IDH1), O6-methylguanine-DNA methyltransferase (MGMT) and p53 status.
Immunohistochemistry for IDH1 (A, B), MGMT (D, E), and p53 (G–J). Examples of IDH1 positivity (A), IDH1 negativity (B), MGMT
positivity (D), and MGMT negativity (E).Arrowheads in D and E indicate endothelial cells used as an internal positive control. Examples
of p53 many (G), several (H), rare (I), and no (J) cells positive. (C) Demonstration of IDH1 immunohistochemistry and direct DNA
sequencing of IDH1 in a patient with anaplastic astrocytoma. In the tumor center (left panels), many IDH1-positive cells and heterozygous
mutation of IDH1 R132H (arrow) are evident, whereas in the infiltrating area (right panels), scattered IDH1-positive cells but no
mutations are demonstrated. (F) A histogram showing the proportion of the MGMT-labeled nuclei/all tumor nuclei for all 165 cases of
glioblastoma. A clear numerical distinction is evident between less than 30% (regarded as “negative”) and 30% and more (“positive”).
Scale bars = 50 μm.
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P < 0.001) were significantly higher than those of patients
with MGMT-positive profiles, whereas the numbers of
patients with either profile in the astrocytic tumor groups
(DA, P = 0.491; AA, P = 0.522; GBM, P = 0.312) were
almost equal. The proportion of patients with a p53-
positive profile in each histologically defined group
appeared to increase in accordance with malignancy
grading (OA/OD 15%, DA 26%, AOA/AOD 53%, AA
54% and GBM 62%). The number of patients with p53-
positive profiles was significantly higher than that of
patients with p53-negative profiles for grade IV (GBM,
P = 0.001) only.

With regard to OS and PFS, univariate analysis indi-
cated that either an IDH1-positive profile for patients
with GBM (OS and PFS: P = 0.014 and P = 0.015, respec-
tively), AA (P = 0.020 and P = 0.004) (Fig. 2A for GBM/
AA) and AOA/AOD (P = 0.035 and P = 0.003), or a
MGMT-negative profile for patients with GBM (both
P < 0.001) and AA (P = 0.016 and P = 0.006) (Fig. 2B for
GBM/AA) was significantly associated with a favorable
outcome. Multivariate analysis revealed that both an
IDH1-positive profile (P = 0.031 and P = 0.013) and a
MGMT-negative profile (both P < 0.001) were independ-
ent factors affecting prognosis for patients with GBM
(Table 3). For patients with grade II gliomas (DA and
OA/OD), the prognostic value of IDH1 and MGMT
status was less significant.

On the basis of the IDH1 and MGMT profiles, a total of
226 patients with grades III/IV malignant astrocytomas
(165 and 61 patients with GBM and AA, respectively) were
divided into four groups. The mOS of patients with
IDH1-positive/MGMT-negative (n = 18), positive/positive
(n = 8), negative/negative (n = 104), and negative/positive
(n = 96) profiles was 56, 22, 17 and 12 months, respectively
(Fig. 2C). The mOS of patients with positive/negative
profiles was significantly longer than that of patients
with negative/negative (P = 0.002) and negative/positive
(P < 0.001) profiles. Similarly, the mOS of patients with
positive/positive and negative/negative profiles was signifi-
cantly longer (P = 0.008 and P < 0.001, respectively) than
that of patients with a negative/positive profile. Thus, a
combination of both IDH1 and MGMT profiles was able to
accurately predict outcome in patients with malignant
atrocytomas.

On the other hand, a p53 positive/negative profile was
not an independent factor affecting prognosis for patients
with malignant astrocytomas (Table 3) when we defined
the many and several groups (p53 >10%) (Fig. 2D) or the
many group only (p53 >50%) (Fig. 2E) as “positive”. Next,
we examined the effects of combinations of the IDH1,
MGMT and p53 profiles (Fig. 2F–I). For patients with
IDH1-positive profiles (Fig. 2F,G), neither p53 >10%
(Fig. 2F) nor p53 >50% (Fig. 2G) were a prognostic factor.
Similarly, for patients with IDH1-negative profiles

Table 2 Prognostic value of mOS and mPFS of patients included in each histologically defined group, in accordance with immunohis-
tochemical profiles of IDH1, MGMT and p53 of the gliomas

Group Total IDH1 MGMT p53

Positive Negative P value Negative Positive P value Negative P value

GBM
No. of patients (%) 165 6 (4) 159 (96) <0.001 89 (54) 76 (46) 0.312 62 (38) 0.001
mOS (months) 14 66 14 0.006 18 12 <0.001 13 0.921
mPFS (months) 5 59 4 0.005 7 3 <0.001 5 0.671

AA
No. of patients (%) 61 20 (33) 41 (67) 0.007 33 (54) 28 (46) 0.522 28 (46) 0.522
mOS (months) 22 46 15 0.013 30 15 0.009 18 0.967
mPFS (months) 5 22 4 0.002 11 3 <0.001 6 0.847

AOA/AOD
No. of patients (%) 40 15 (38) 25 (62) 0.114 32 (80) 8 (20) <0.001 19 (47) 0.752
mOS (months) 80 NR 25 0.025 80 21 0.206 25 0.522
mPFS (months) 24 NR 10 0.001 28 7 0.160 20 0.470

DA
No. of patients (%) 19 16 (84) 3 (16) 0.003 11 (58) 8 (42) 0.491 14 (74) 0.039
mOS (months) NR NR ND – NR ND – ND –
mPFS (months) NR NR 51 – 44 NR – 51 –

OA/OD
No. of patients (%) 27 22 (81) 5 (19) 0.004 21 (78) 6 (22) 0.001 23 (85) <0.001
mOS (months) NR NR 40 0.100 NR NR 0.381 NR 0.021
mPFS (months) NR NR 19 0.080 NR 19 0.142 NR 0.031

P-values were calculated by the log-rank test and Chi-square test.
mOS, median overall survival; mPFS, median progression free survival; NR, not reached; ND, not determined. GBM, glioblastoma;AA, anaplastic

astrocytoma; AOA, anaplastic oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocytoma; OA, oligoastrocyotma; OD,
oligodendroglioma

328 R Ogura et al.

© 2015 Japanese Society of Neuropathology



－  161  －

Fig. 1 Evaluation of isocitrate dehydrogenase 1 (IDH1), O6-methylguanine-DNA methyltransferase (MGMT) and p53 status.
Immunohistochemistry for IDH1 (A, B), MGMT (D, E), and p53 (G–J). Examples of IDH1 positivity (A), IDH1 negativity (B), MGMT
positivity (D), and MGMT negativity (E).Arrowheads in D and E indicate endothelial cells used as an internal positive control. Examples
of p53 many (G), several (H), rare (I), and no (J) cells positive. (C) Demonstration of IDH1 immunohistochemistry and direct DNA
sequencing of IDH1 in a patient with anaplastic astrocytoma. In the tumor center (left panels), many IDH1-positive cells and heterozygous
mutation of IDH1 R132H (arrow) are evident, whereas in the infiltrating area (right panels), scattered IDH1-positive cells but no
mutations are demonstrated. (F) A histogram showing the proportion of the MGMT-labeled nuclei/all tumor nuclei for all 165 cases of
glioblastoma. A clear numerical distinction is evident between less than 30% (regarded as “negative”) and 30% and more (“positive”).
Scale bars = 50 μm.
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P < 0.001) were significantly higher than those of patients
with MGMT-positive profiles, whereas the numbers of
patients with either profile in the astrocytic tumor groups
(DA, P = 0.491; AA, P = 0.522; GBM, P = 0.312) were
almost equal. The proportion of patients with a p53-
positive profile in each histologically defined group
appeared to increase in accordance with malignancy
grading (OA/OD 15%, DA 26%, AOA/AOD 53%, AA
54% and GBM 62%). The number of patients with p53-
positive profiles was significantly higher than that of
patients with p53-negative profiles for grade IV (GBM,
P = 0.001) only.

With regard to OS and PFS, univariate analysis indi-
cated that either an IDH1-positive profile for patients
with GBM (OS and PFS: P = 0.014 and P = 0.015, respec-
tively), AA (P = 0.020 and P = 0.004) (Fig. 2A for GBM/
AA) and AOA/AOD (P = 0.035 and P = 0.003), or a
MGMT-negative profile for patients with GBM (both
P < 0.001) and AA (P = 0.016 and P = 0.006) (Fig. 2B for
GBM/AA) was significantly associated with a favorable
outcome. Multivariate analysis revealed that both an
IDH1-positive profile (P = 0.031 and P = 0.013) and a
MGMT-negative profile (both P < 0.001) were independ-
ent factors affecting prognosis for patients with GBM
(Table 3). For patients with grade II gliomas (DA and
OA/OD), the prognostic value of IDH1 and MGMT
status was less significant.

On the basis of the IDH1 and MGMT profiles, a total of
226 patients with grades III/IV malignant astrocytomas
(165 and 61 patients with GBM and AA, respectively) were
divided into four groups. The mOS of patients with
IDH1-positive/MGMT-negative (n = 18), positive/positive
(n = 8), negative/negative (n = 104), and negative/positive
(n = 96) profiles was 56, 22, 17 and 12 months, respectively
(Fig. 2C). The mOS of patients with positive/negative
profiles was significantly longer than that of patients
with negative/negative (P = 0.002) and negative/positive
(P < 0.001) profiles. Similarly, the mOS of patients with
positive/positive and negative/negative profiles was signifi-
cantly longer (P = 0.008 and P < 0.001, respectively) than
that of patients with a negative/positive profile. Thus, a
combination of both IDH1 and MGMT profiles was able to
accurately predict outcome in patients with malignant
atrocytomas.

On the other hand, a p53 positive/negative profile was
not an independent factor affecting prognosis for patients
with malignant astrocytomas (Table 3) when we defined
the many and several groups (p53 >10%) (Fig. 2D) or the
many group only (p53 >50%) (Fig. 2E) as “positive”. Next,
we examined the effects of combinations of the IDH1,
MGMT and p53 profiles (Fig. 2F–I). For patients with
IDH1-positive profiles (Fig. 2F,G), neither p53 >10%
(Fig. 2F) nor p53 >50% (Fig. 2G) were a prognostic factor.
Similarly, for patients with IDH1-negative profiles

Table 2 Prognostic value of mOS and mPFS of patients included in each histologically defined group, in accordance with immunohis-
tochemical profiles of IDH1, MGMT and p53 of the gliomas

Group Total IDH1 MGMT p53

Positive Negative P value Negative Positive P value Negative P value

GBM
No. of patients (%) 165 6 (4) 159 (96) <0.001 89 (54) 76 (46) 0.312 62 (38) 0.001
mOS (months) 14 66 14 0.006 18 12 <0.001 13 0.921
mPFS (months) 5 59 4 0.005 7 3 <0.001 5 0.671

AA
No. of patients (%) 61 20 (33) 41 (67) 0.007 33 (54) 28 (46) 0.522 28 (46) 0.522
mOS (months) 22 46 15 0.013 30 15 0.009 18 0.967
mPFS (months) 5 22 4 0.002 11 3 <0.001 6 0.847

AOA/AOD
No. of patients (%) 40 15 (38) 25 (62) 0.114 32 (80) 8 (20) <0.001 19 (47) 0.752
mOS (months) 80 NR 25 0.025 80 21 0.206 25 0.522
mPFS (months) 24 NR 10 0.001 28 7 0.160 20 0.470

DA
No. of patients (%) 19 16 (84) 3 (16) 0.003 11 (58) 8 (42) 0.491 14 (74) 0.039
mOS (months) NR NR ND – NR ND – ND –
mPFS (months) NR NR 51 – 44 NR – 51 –

OA/OD
No. of patients (%) 27 22 (81) 5 (19) 0.004 21 (78) 6 (22) 0.001 23 (85) <0.001
mOS (months) NR NR 40 0.100 NR NR 0.381 NR 0.021
mPFS (months) NR NR 19 0.080 NR 19 0.142 NR 0.031

P-values were calculated by the log-rank test and Chi-square test.
mOS, median overall survival; mPFS, median progression free survival; NR, not reached; ND, not determined. GBM, glioblastoma;AA, anaplastic

astrocytoma; AOA, anaplastic oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocytoma; OA, oligoastrocyotma; OD,
oligodendroglioma
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(Fig. 2H,I), p53 >10% (Fig. 2H) was not a prognostic
factor, and a MGMT-negative profile appeared to operate
as a favorable factor. However, the OS of patients with p53
>50% who were MGMT-negative (n = 28) was significantly
shorter than that of patients with p53 250%/MGMT-

negative profiles (n = 76, P = 0.044) (Fig. 2I). Thus, for
patients with IDH1-negative/MGMT-negative profiles, p53
>50% was associated with a poor outcome.

Based on combinations of the IDH1, MGMT and
p53 profiles, three groups of patients with malignant

Table 3 Prognostic univariate and multivariate Cox regression analyses of patients included in each histologically defined group

Univariate OS PFS

HR 95% CI P-value HR 95% CI P-value

GBM
IDH1 Pos vs. neg 0.230 0.071–0.742 0.014 0.228 0.069–0.751 0.015
MGMT Neg vs. pos 0.463 0.323–0.665 <0.001 0.503 0.347–0.729 <0.001
p53 Pos vs. neg 1.014 0.711–1.445 0.940 1.073 0.740–1.556 0.709
KPS ≧70 vs. <70 0.614 0.431–0.876 0.007 0.717 0.493–1.043 0.082
Age ≧65 vs. <65 1.632 1.142–2.332 0.007 1.226 0.848–1.774 0.278
Total/subtotal Yes vs. no 0.530 0.367–0.765 0.001 0.605 0.420–0.872 0.007
CRT Yes vs. no 0.446 0.313–0.638 <0.001 0.585 0.400–0.854 0.005

AA
IDH1 Pos vs. neg 0.459 0.239–0.884 0.020 0.373 0.189–0.736 0.004
MGMT Neg vs. pos 0.473 0.257–0.872 0.016 0.416 0.221–0.780 0.006
p53 Pos vs. neg 1.066 0.583–1.951 0.835 0.987 0.530–1.839 0.968
KPS ≧70 vs. <70 0.334 0.169–0.660 0.002 0.413 0.204–0.835 0.014
Age ≧60 vs. <60 3.120 1.651–5.898 <0.001 1.964 1.001–3.850 0.050
Total/subtotal Yes vs. no 0.382 0.173–0.844 0.017 0.370 0.160–0.858 0.021
CRT Yes vs. no 0.565 0.305–1.046 0.069 0.883 0.461–1.692 0.707

AOA/AOD
IDH1 Pos vs. neg 0.291 0.092–0.916 0.035 0.238 0.093–0.611 0.003
MGMT Neg vs. pos 0.521 0.184–1.474 0.219 0.529 0.212–1.320 0.172
p53 Pos vs. neg 0.742 0.294–1.874 0.528 0.760 0.356–1.622 0.477
KPS ≧70 vs. <70 0.339 0.122–0.945 0.039 0.394 0.173–0.896 0.026
Age ≧60 vs. <60 2.067 0.777–5.501 0.146 3.267 1.407–7.584 0.006
Total/subtotal Yes vs. no 0.260 0.092–0.737 0.011 0.399 0.184–0.866 0.020
CRT Yes vs. no 0.560 0.198–1.578 0.272 0.836 0.333–2.096 0.702

DA
IDH1 Pos vs. neg NR 1.014 0.117–8.774 0.990
MGMT Neg vs. pos NR 2.276 0.384–13.497 0.365
p53 Pos vs. neg 6.329 0.569–70.412 0.133 0.645 0.075–5.544 0.690
Age ≧45 vs. <45 2.171 0.131–35.996 0.588 0.400 0.046–3.451 0.405
Total/subtotal Yes vs. no 0.812 0.066–9.975 0.871 0.714 0.140–3.643 0.685
RT Yes vs. no NR 1.290 0.255–6.525 0.758

OA/OD
IDH1 Pos vs. neg 0.246 0.040–1.498 0.128 0.306 0.075–1.239 0.097
MGMT Neg vs. pos 0.458 0.076–2.746 0.393 0.399 0.112–1.420 0.156
p53 Pos vs. neg 6.407 1.052–39.020 0.044 4.155 1.025–16.839 0.046
Age ≧45 vs. <45 1.504 0.251–9.006 0.655 2.299 0.547–9.657 0.255
Total/subtotal Yes vs. no 0.345 0.058–2.068 0.244 0.321 0.076–1.348 0.121
RT Yes vs. no 1.829 0.204–16.389 0.589 3.236 0.397–26.349 0.272

Multivariate OS PFS

HR 95% CI P-value HR 95% CI P-value

GBM
IDH1 Pos vs. neg 0.265 0.079–0.886 0.031 0.209 0.061–0.715 0.013
MGMT Neg vs. pos 0.457 0.315–0.663 <0.001 0.483 0.329–0.710 <0.001
KPS ≧70 vs. <70 0.694 0.481–1.002 0.051 0.667 0.454–0.980 0.039
Age ≧65 vs. <65 1.207 0.814–1.791 0.349 0.982 0.657–1.469 0.931
Total/subtotal Yes vs. no 0.582 0.402–0.841 0.004 0.618 0.427–0.895 0.011
CRT Yes vs. no 0.580 0.390–0.864 0.007 0.675 0.446–1.023 0.064

P values were calculated by Cox proportional hazard models.
CI, confidence interval; HR, hazard ratio; neg, negative; pos, positive; GBM, glioblastoma; AA, anaplastic astrocytoma; AOA, anaplastic

oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocytoma; OA, oligoastrocyotma; OD, oligodendroglioma; KPS, Karnofsky
performance status; RT, radiotherapy; CRT, chemoradiotherapy
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astrocytomas were distinguishable in terms of outcome
(Figs 2J and 3). Group C (n = 124) showed significantly the
poorest outcome (mOS = 12 m) relative to Group B
(n = 76, mOS = 18 m, P < 0.001) and Group A (n = 18,
mOS = 56 m, P < 0.001). Group B also showed a poorer
outcome than Group A (P = 0.005).

Clinical factors and prognosis

For patients with malignant astrocytomas, several clinical
characteristics, including Karnofsky performance status
score, age, total/subtotal removal of the tumor, and use
of chemoradiotherapy (CRT: yes vs. no, n = 131 vs. 95;
Fig. 2K) showed a significant relationship with OS
(Table 3). Multivariate analysis indicated that total/
subtotal removal of the tumor and use of CRT were inde-
pendent factors significantly associated with a favorable
outcome (Table 3).

For patients with malignant astrocytomas who received
CRT (n = 131; Fig. 2L), the mOS of those with a MGMT-
negative profile (n = 77, 24 months) was significantly
(P < 0.001) longer than that of patients with a MGMT-
positive profile (n = 54, 15 months).

DISCUSSION

Recent molecular analyses of glioma tissue have revealed
that several profiles, including IDH1/2 mutation, TP53
mutation, TERT promoter mutation, ATRX mutation,
1p/19q co-deletion, and MGMT methylation status, are
associated with the development of various histological
types of glioma. In the present study, we performed
immunohistochemistry to evaluate subsets of these
molecular profiles using routinely available histology sec-
tions (Fig. 1). This revealed that the significance of the
profiles differed in accordance with the histopathological
classification of the gliomas, and that combination of the
profiles was of prognostic value (Tables 2 and 3, and Figs 2
and 3).

Patients with IDH1-mutated malignant glioma may
survive longer than those with wild-type IDH1 glioma.18–20

Recently, a genetic and epigenetic study has indicated a
possible mechanism underlying this phenomenon, in which
IDH1 mutations induce the CpG island methylator

phenotype, a factor associated with biologically benign
behavior of the glioma cells.21 Therefore, in clinical prac-
tice, detection of IDH1 mutations is important, and for this
purpose direct DNA sequencing is frequently employed.
However, tissue samples from diffuse gliomas are usually
an admixture of tumor cells and pre-existing brain paren-
chyma; therefore the sensitivity of this method for detec-
tion of a mutant sequence within wild-type sequences
depends on the ratio of the two tissue components, and is
estimated to be 20% or more.22 Pyrosequencing analysis is
a much more sensitive method, capable of detecting a
minimum of 5% mutant alleles.22,23 Moreover, the use of
BEAMing (beads, emulsion, amplification, magnetics)
PCR and droplet digital PCR can detect a mutant allele in
a tissue sample with a sensitivity of 0.01%.24 Thus, advances
in methodology have improved the sensitivity of mutation
detection; on the other hand, these techniques require spe-
cific equipment and skill, and as a consequence they are
sometimes unavailable in a standard clinical laboratory.
Immunohistochemistry is a technique that can be per-
formed simultaneously with practical histopathological
diagnosis of tumors. This method has apparently high
sensitivity for detection of IDH1 mutations.7 Consistent
with this, our preliminary attempt to perform both
immunohistochemistry and direct DNA sequencing on
tissues showing glioma infiltration showed that mutation
was detectable by immunohistochemistry only (Fig. 1C).

Immunohistochemistry with the IDH1-R132H antibody
is highly specific for detecting the most common mutation
in the gene.7 The sensitivity of this method is estimated to
be 94%,25 but other IDH1 mutations, including R132C,
R132S, R132G, R132L, R132V and R132P,6,7,20,26–30 or IDH2
mutations31 are not recognized by this antibody. Therefore,
even though such IDH1/2 mutations are rare in practice,
for IDH1-immunonegative cases, direct DNA sequencing
for IDH1/2 may provide more detailed information on the
genes.32–34

The frequencies of patients with IDH1-immunopositive
profiles in the present study (Table 2) were similar to those
reported previously, where direct DNA sequencing identi-
fied IDH1 mutations in 70%-80% of diffuse gliomas,
including DA (72.51%), OD (77.81%), OA (81.43%), AA
(48.71%), AOA (66.40%), AOD (32.79%) and primary

▶
Fig. 2 Kaplan-Meier curves. Overall survival rate (OS) for patients with grades III/IV malignant astrocytomas (anaplastic astrocytoma
and glioblastoma) (A–J). Median OS (months: m) for patients with (A) isocitrate dehydrogenase 1 (IDH1), (B) O6-methylguanine-DNA
methyltransferase (MGMT), (C) the IDH1/MGMT combination, (D) p53 (>10%: many and several groups, or 210%), (E) p53 (>50%:
many groups only, or 250%), (F) in patients with IDH1 positivity, combination of p53 (>/210%)/MGMT, (G) in patients with IDH1
positivity, combination of p53 (>/250%)/MGMT, (H) in patients with IDH1 negativity, combination of p53 (>/210%)/MGMT, and (I) in
patients with IDH1 negativity, combination of p53 (>/250%)-immunopositive (pos) or negative (neg) profiles are described. (J) OS for
patients in Groups A, B and C. The groups were defined as depicted in Figure 3. (K) OS for patients with (yes) or without (no)
chemoradiotherapy (CRT). (L) For the patients with CRT, a MGMT-negative profile was significantly associated with a favorable
outcome. P-values were calculated by the log-rank test.
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(Fig. 2H,I), p53 >10% (Fig. 2H) was not a prognostic
factor, and a MGMT-negative profile appeared to operate
as a favorable factor. However, the OS of patients with p53
>50% who were MGMT-negative (n = 28) was significantly
shorter than that of patients with p53 250%/MGMT-

negative profiles (n = 76, P = 0.044) (Fig. 2I). Thus, for
patients with IDH1-negative/MGMT-negative profiles, p53
>50% was associated with a poor outcome.

Based on combinations of the IDH1, MGMT and
p53 profiles, three groups of patients with malignant

Table 3 Prognostic univariate and multivariate Cox regression analyses of patients included in each histologically defined group

Univariate OS PFS

HR 95% CI P-value HR 95% CI P-value

GBM
IDH1 Pos vs. neg 0.230 0.071–0.742 0.014 0.228 0.069–0.751 0.015
MGMT Neg vs. pos 0.463 0.323–0.665 <0.001 0.503 0.347–0.729 <0.001
p53 Pos vs. neg 1.014 0.711–1.445 0.940 1.073 0.740–1.556 0.709
KPS ≧70 vs. <70 0.614 0.431–0.876 0.007 0.717 0.493–1.043 0.082
Age ≧65 vs. <65 1.632 1.142–2.332 0.007 1.226 0.848–1.774 0.278
Total/subtotal Yes vs. no 0.530 0.367–0.765 0.001 0.605 0.420–0.872 0.007
CRT Yes vs. no 0.446 0.313–0.638 <0.001 0.585 0.400–0.854 0.005

AA
IDH1 Pos vs. neg 0.459 0.239–0.884 0.020 0.373 0.189–0.736 0.004
MGMT Neg vs. pos 0.473 0.257–0.872 0.016 0.416 0.221–0.780 0.006
p53 Pos vs. neg 1.066 0.583–1.951 0.835 0.987 0.530–1.839 0.968
KPS ≧70 vs. <70 0.334 0.169–0.660 0.002 0.413 0.204–0.835 0.014
Age ≧60 vs. <60 3.120 1.651–5.898 <0.001 1.964 1.001–3.850 0.050
Total/subtotal Yes vs. no 0.382 0.173–0.844 0.017 0.370 0.160–0.858 0.021
CRT Yes vs. no 0.565 0.305–1.046 0.069 0.883 0.461–1.692 0.707

AOA/AOD
IDH1 Pos vs. neg 0.291 0.092–0.916 0.035 0.238 0.093–0.611 0.003
MGMT Neg vs. pos 0.521 0.184–1.474 0.219 0.529 0.212–1.320 0.172
p53 Pos vs. neg 0.742 0.294–1.874 0.528 0.760 0.356–1.622 0.477
KPS ≧70 vs. <70 0.339 0.122–0.945 0.039 0.394 0.173–0.896 0.026
Age ≧60 vs. <60 2.067 0.777–5.501 0.146 3.267 1.407–7.584 0.006
Total/subtotal Yes vs. no 0.260 0.092–0.737 0.011 0.399 0.184–0.866 0.020
CRT Yes vs. no 0.560 0.198–1.578 0.272 0.836 0.333–2.096 0.702

DA
IDH1 Pos vs. neg NR 1.014 0.117–8.774 0.990
MGMT Neg vs. pos NR 2.276 0.384–13.497 0.365
p53 Pos vs. neg 6.329 0.569–70.412 0.133 0.645 0.075–5.544 0.690
Age ≧45 vs. <45 2.171 0.131–35.996 0.588 0.400 0.046–3.451 0.405
Total/subtotal Yes vs. no 0.812 0.066–9.975 0.871 0.714 0.140–3.643 0.685
RT Yes vs. no NR 1.290 0.255–6.525 0.758

OA/OD
IDH1 Pos vs. neg 0.246 0.040–1.498 0.128 0.306 0.075–1.239 0.097
MGMT Neg vs. pos 0.458 0.076–2.746 0.393 0.399 0.112–1.420 0.156
p53 Pos vs. neg 6.407 1.052–39.020 0.044 4.155 1.025–16.839 0.046
Age ≧45 vs. <45 1.504 0.251–9.006 0.655 2.299 0.547–9.657 0.255
Total/subtotal Yes vs. no 0.345 0.058–2.068 0.244 0.321 0.076–1.348 0.121
RT Yes vs. no 1.829 0.204–16.389 0.589 3.236 0.397–26.349 0.272

Multivariate OS PFS

HR 95% CI P-value HR 95% CI P-value

GBM
IDH1 Pos vs. neg 0.265 0.079–0.886 0.031 0.209 0.061–0.715 0.013
MGMT Neg vs. pos 0.457 0.315–0.663 <0.001 0.483 0.329–0.710 <0.001
KPS ≧70 vs. <70 0.694 0.481–1.002 0.051 0.667 0.454–0.980 0.039
Age ≧65 vs. <65 1.207 0.814–1.791 0.349 0.982 0.657–1.469 0.931
Total/subtotal Yes vs. no 0.582 0.402–0.841 0.004 0.618 0.427–0.895 0.011
CRT Yes vs. no 0.580 0.390–0.864 0.007 0.675 0.446–1.023 0.064

P values were calculated by Cox proportional hazard models.
CI, confidence interval; HR, hazard ratio; neg, negative; pos, positive; GBM, glioblastoma; AA, anaplastic astrocytoma; AOA, anaplastic

oligoastrocytoma; AOD, anaplastic oligodendroglioma; DA, diffuse astrocytoma; OA, oligoastrocyotma; OD, oligodendroglioma; KPS, Karnofsky
performance status; RT, radiotherapy; CRT, chemoradiotherapy
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astrocytomas were distinguishable in terms of outcome
(Figs 2J and 3). Group C (n = 124) showed significantly the
poorest outcome (mOS = 12 m) relative to Group B
(n = 76, mOS = 18 m, P < 0.001) and Group A (n = 18,
mOS = 56 m, P < 0.001). Group B also showed a poorer
outcome than Group A (P = 0.005).

Clinical factors and prognosis

For patients with malignant astrocytomas, several clinical
characteristics, including Karnofsky performance status
score, age, total/subtotal removal of the tumor, and use
of chemoradiotherapy (CRT: yes vs. no, n = 131 vs. 95;
Fig. 2K) showed a significant relationship with OS
(Table 3). Multivariate analysis indicated that total/
subtotal removal of the tumor and use of CRT were inde-
pendent factors significantly associated with a favorable
outcome (Table 3).

For patients with malignant astrocytomas who received
CRT (n = 131; Fig. 2L), the mOS of those with a MGMT-
negative profile (n = 77, 24 months) was significantly
(P < 0.001) longer than that of patients with a MGMT-
positive profile (n = 54, 15 months).

DISCUSSION

Recent molecular analyses of glioma tissue have revealed
that several profiles, including IDH1/2 mutation, TP53
mutation, TERT promoter mutation, ATRX mutation,
1p/19q co-deletion, and MGMT methylation status, are
associated with the development of various histological
types of glioma. In the present study, we performed
immunohistochemistry to evaluate subsets of these
molecular profiles using routinely available histology sec-
tions (Fig. 1). This revealed that the significance of the
profiles differed in accordance with the histopathological
classification of the gliomas, and that combination of the
profiles was of prognostic value (Tables 2 and 3, and Figs 2
and 3).

Patients with IDH1-mutated malignant glioma may
survive longer than those with wild-type IDH1 glioma.18–20

Recently, a genetic and epigenetic study has indicated a
possible mechanism underlying this phenomenon, in which
IDH1 mutations induce the CpG island methylator

phenotype, a factor associated with biologically benign
behavior of the glioma cells.21 Therefore, in clinical prac-
tice, detection of IDH1 mutations is important, and for this
purpose direct DNA sequencing is frequently employed.
However, tissue samples from diffuse gliomas are usually
an admixture of tumor cells and pre-existing brain paren-
chyma; therefore the sensitivity of this method for detec-
tion of a mutant sequence within wild-type sequences
depends on the ratio of the two tissue components, and is
estimated to be 20% or more.22 Pyrosequencing analysis is
a much more sensitive method, capable of detecting a
minimum of 5% mutant alleles.22,23 Moreover, the use of
BEAMing (beads, emulsion, amplification, magnetics)
PCR and droplet digital PCR can detect a mutant allele in
a tissue sample with a sensitivity of 0.01%.24 Thus, advances
in methodology have improved the sensitivity of mutation
detection; on the other hand, these techniques require spe-
cific equipment and skill, and as a consequence they are
sometimes unavailable in a standard clinical laboratory.
Immunohistochemistry is a technique that can be per-
formed simultaneously with practical histopathological
diagnosis of tumors. This method has apparently high
sensitivity for detection of IDH1 mutations.7 Consistent
with this, our preliminary attempt to perform both
immunohistochemistry and direct DNA sequencing on
tissues showing glioma infiltration showed that mutation
was detectable by immunohistochemistry only (Fig. 1C).

Immunohistochemistry with the IDH1-R132H antibody
is highly specific for detecting the most common mutation
in the gene.7 The sensitivity of this method is estimated to
be 94%,25 but other IDH1 mutations, including R132C,
R132S, R132G, R132L, R132V and R132P,6,7,20,26–30 or IDH2
mutations31 are not recognized by this antibody. Therefore,
even though such IDH1/2 mutations are rare in practice,
for IDH1-immunonegative cases, direct DNA sequencing
for IDH1/2 may provide more detailed information on the
genes.32–34

The frequencies of patients with IDH1-immunopositive
profiles in the present study (Table 2) were similar to those
reported previously, where direct DNA sequencing identi-
fied IDH1 mutations in 70%-80% of diffuse gliomas,
including DA (72.51%), OD (77.81%), OA (81.43%), AA
(48.71%), AOA (66.40%), AOD (32.79%) and primary

▶
Fig. 2 Kaplan-Meier curves. Overall survival rate (OS) for patients with grades III/IV malignant astrocytomas (anaplastic astrocytoma
and glioblastoma) (A–J). Median OS (months: m) for patients with (A) isocitrate dehydrogenase 1 (IDH1), (B) O6-methylguanine-DNA
methyltransferase (MGMT), (C) the IDH1/MGMT combination, (D) p53 (>10%: many and several groups, or 210%), (E) p53 (>50%:
many groups only, or 250%), (F) in patients with IDH1 positivity, combination of p53 (>/210%)/MGMT, (G) in patients with IDH1
positivity, combination of p53 (>/250%)/MGMT, (H) in patients with IDH1 negativity, combination of p53 (>/210%)/MGMT, and (I) in
patients with IDH1 negativity, combination of p53 (>/250%)-immunopositive (pos) or negative (neg) profiles are described. (J) OS for
patients in Groups A, B and C. The groups were defined as depicted in Figure 3. (K) OS for patients with (yes) or without (no)
chemoradiotherapy (CRT). (L) For the patients with CRT, a MGMT-negative profile was significantly associated with a favorable
outcome. P-values were calculated by the log-rank test.
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GBM (4.43%).31 In grade II gliomas, it is still unclear
whether IDH1 mutations influence outcome.35–38 In the
present study, IDH1 immunoprofiles showed no significant
association with the outcome of patients with grade II
gliomas (Tables 2 and 3). On the other hand, for patients
who were diagnosed histopathologically as having grade
III or IV glioma, IDH1 positivity was a factor significantly
predictive of a favorable outcome (Tables 2 and 3).

At present, MGMT status is recognized to be a prog-
nostic factor and a powerful predictor of the response to
temozolomide in patients with GBM.15 Based on several
clinical studies involving patients with GBM, it has been
shown that MGMT promoter methylation assessed by
methylation-specific PCR or pyrosequencing is a favorable
prognostic factor.12,39,40 MGMT status can be regulated by
several mechanisms, including histone modification41–43 and
post-transcriptional regulation with miRNA,44 and for this
reason MGMT status is not always identical at the DNA,
RNA and protein levels. For example, it has been shown
that mRNA expression is transcriptionally regulated,

resulting in a low level in approximately 20% of patients, in
whom the MGMT promoter is unmethylated.45,46 More-
over, it has been demonstrated that variation in MGMT
promoter methylation can occur within the same tumor
after treatment.47 Furthermore, a previous study employing
multivariate analysis has indicated that expression of
MGMT protein, rather than MGMT status, was correlated
with the survival of patients with GBM.48 Thus, immuno-
histochemical evaluation of MGMT protein status in
glioma tissue may provide useful prognostic information.

Recent molecular studies have provided more details
of the complex mechanisms that determine MGMT
methylation status. For example, it seems plausible that
IDH mutations can lead to MGMT methylation, as gliomas
with IDH mutation show a reduction of α-ketoglutarate
and accumulation of 2-hydroxyglutarate, resulting in
genome-wide histone and DNA methylation.49 Moreover,
TP53 mutation may also influence MGMT methylation
status, in association with TNF-α-induced NF-κB activa-
tion and chronic inflammation, which can induce DNA
methylation.50–52 Thus, IDH1 and TP53 mutations may alter
MGMT methylation status.

There are some technical issues concerning MGMT-
immunohistochemistry, including intra- and inter-observer
variability in the assessment of immunoreactivity,8,12,53

the need for exclusion of non-neoplastic cells,13 variability
among antigen retrieval methods, the antibodies
employed, and the cutoff values adopted.53 According to
our criteria for judgment of MGMT positivity or negativity
(Fig. 1D–F), we found that a MGMT-negative profile was
associated with a favorable outcome for patients with
malignant atrocytomas (Tables 2 and 3, and Fig. 2B). Con-
sistent with this evidence, a recent study of both protein
expression and DNA methylation found that patients with
high protein expression had a poor outcome, even though
the promoter was methylated,41 and that patients with low
protein expression and a methylated promoter had a
favorable outcome.54,55

We therefore evaluated the association between CRT
and MGMT profiles and survival in patients with malig-
nant astrocytomas, and found that a MGMT-negative
profile predicted a favorable outcome for patients who
received CRT (Fig. 2L), suggesting that glioma cells with
low MGMT expression may be much more sensitive to
CRT. The proportions of patients with MGMT-negative
profiles in the oligodendroglial (OA/OD and AOA/AOD)
groups were high (Table 2). This seems to reflect the fact
that MGMT promoter methylation is frequently evident in
oligodendroglial tumors.56

It has been recognized that the p53 pathway plays a role
in the pathogenesis of gliomas. However, at present it
remains controversial whether TP53 mutation can be
regarded as a true prognostic factor. Immunoreactivity of

Fig. 3 Schematic representation of Groups A, B and C distin-
guishable on the basis of combinations of the isocitrate dehy-
drogenase 1 (IDH1), O6-methylguanine-DNA methyltransferase
(MGMT) and p53 immunoprofiles. The median overall survival
(mOSs) of the three groups differ significantly. Eight patients with
IDH1-positive and MGMT-positive profiles were excluded. Note
that for the patients with IDH1-negative and MGMT-negative
profiles, the p53 profile (> or 250%) was a useful factor for
prognostication.

332 R Ogura et al.

© 2015 Japanese Society of Neuropathology



－  165  －

IDH1/MGMT/p53 immunoprofiles and glioma prognosis 331

© 2015 Japanese Society of Neuropathology

GBM (4.43%).31 In grade II gliomas, it is still unclear
whether IDH1 mutations influence outcome.35–38 In the
present study, IDH1 immunoprofiles showed no significant
association with the outcome of patients with grade II
gliomas (Tables 2 and 3). On the other hand, for patients
who were diagnosed histopathologically as having grade
III or IV glioma, IDH1 positivity was a factor significantly
predictive of a favorable outcome (Tables 2 and 3).

At present, MGMT status is recognized to be a prog-
nostic factor and a powerful predictor of the response to
temozolomide in patients with GBM.15 Based on several
clinical studies involving patients with GBM, it has been
shown that MGMT promoter methylation assessed by
methylation-specific PCR or pyrosequencing is a favorable
prognostic factor.12,39,40 MGMT status can be regulated by
several mechanisms, including histone modification41–43 and
post-transcriptional regulation with miRNA,44 and for this
reason MGMT status is not always identical at the DNA,
RNA and protein levels. For example, it has been shown
that mRNA expression is transcriptionally regulated,

resulting in a low level in approximately 20% of patients, in
whom the MGMT promoter is unmethylated.45,46 More-
over, it has been demonstrated that variation in MGMT
promoter methylation can occur within the same tumor
after treatment.47 Furthermore, a previous study employing
multivariate analysis has indicated that expression of
MGMT protein, rather than MGMT status, was correlated
with the survival of patients with GBM.48 Thus, immuno-
histochemical evaluation of MGMT protein status in
glioma tissue may provide useful prognostic information.

Recent molecular studies have provided more details
of the complex mechanisms that determine MGMT
methylation status. For example, it seems plausible that
IDH mutations can lead to MGMT methylation, as gliomas
with IDH mutation show a reduction of α-ketoglutarate
and accumulation of 2-hydroxyglutarate, resulting in
genome-wide histone and DNA methylation.49 Moreover,
TP53 mutation may also influence MGMT methylation
status, in association with TNF-α-induced NF-κB activa-
tion and chronic inflammation, which can induce DNA
methylation.50–52 Thus, IDH1 and TP53 mutations may alter
MGMT methylation status.

There are some technical issues concerning MGMT-
immunohistochemistry, including intra- and inter-observer
variability in the assessment of immunoreactivity,8,12,53

the need for exclusion of non-neoplastic cells,13 variability
among antigen retrieval methods, the antibodies
employed, and the cutoff values adopted.53 According to
our criteria for judgment of MGMT positivity or negativity
(Fig. 1D–F), we found that a MGMT-negative profile was
associated with a favorable outcome for patients with
malignant atrocytomas (Tables 2 and 3, and Fig. 2B). Con-
sistent with this evidence, a recent study of both protein
expression and DNA methylation found that patients with
high protein expression had a poor outcome, even though
the promoter was methylated,41 and that patients with low
protein expression and a methylated promoter had a
favorable outcome.54,55

We therefore evaluated the association between CRT
and MGMT profiles and survival in patients with malig-
nant astrocytomas, and found that a MGMT-negative
profile predicted a favorable outcome for patients who
received CRT (Fig. 2L), suggesting that glioma cells with
low MGMT expression may be much more sensitive to
CRT. The proportions of patients with MGMT-negative
profiles in the oligodendroglial (OA/OD and AOA/AOD)
groups were high (Table 2). This seems to reflect the fact
that MGMT promoter methylation is frequently evident in
oligodendroglial tumors.56

It has been recognized that the p53 pathway plays a role
in the pathogenesis of gliomas. However, at present it
remains controversial whether TP53 mutation can be
regarded as a true prognostic factor. Immunoreactivity of

Fig. 3 Schematic representation of Groups A, B and C distin-
guishable on the basis of combinations of the isocitrate dehy-
drogenase 1 (IDH1), O6-methylguanine-DNA methyltransferase
(MGMT) and p53 immunoprofiles. The median overall survival
(mOSs) of the three groups differ significantly. Eight patients with
IDH1-positive and MGMT-positive profiles were excluded. Note
that for the patients with IDH1-negative and MGMT-negative
profiles, the p53 profile (> or 250%) was a useful factor for
prognostication.
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p53 may be associated with TP53 mutation, LOH of TP53,
and aberrant expression of various p53-regulatory genes,
including MDM2 and p14ARF.1,3,57–59 In the present study, as
the grade of malignancy increased, the proportion of
patients with p53-positive profiles tended to increase;
however, expression of p53 in patients with any tumor
grade showed no significant association with outcome
(Tables 2 and 3).

In the present study, we found that a combination of
both IDH1 and MGMT profiles would be useful for prog-
nostication (Fig. 2C). Therefore, after diagnosis of GBM
and AA, on the basis of immunohistochemistry for both
IDH1 and MGMT, it would be possible to estimate the
mOS of the patients. Moreover, if patients were found to
have a MGMT-negative profile, CRT could be considered.
Consistent with this, a recent molecular study has revealed
that the combination of IDH1 mutation and MGMT
methylation status outperforms information on either
IDH1 or MGMT alone for predicting the survival of
patients with GBM: patients with IDH1 mutations/MGMT
methylation survived longer, whereas those with no
IDH1 mutations/no MGMT methylation showed shorter
survival.5

Furthermore, we found that p53 overexpression in
patients with IDH1-negative and MGMT-negative profiles
could be a useful prognostic factor (Fig. 2I). Therefore,
based on a combination of the IDH1, MGMT and p53
profiles, three groups were distinguishable, and their mOSs
differed significantly (Figs 2J and 3). Clinicopathologically,
these findings appear to have potential importance for
predicting the outcome of patients with malignant
astrocytomas.

In conclusion, the immunohistochemical profiles of
IDH1, MGMT and p53 are of significant importance for
prognostication in patients with malignant astrocytomas.A
combination of IDH1 positivity and MGMT negativity
may indicate a favorable prognosis, whereas a combination
of IDH1 negativity and MGMT positivity may be unfavor-
able. For patients with IDH1 negativity and MGMT nega-
tivity, the p53 profile may have a crucial prognostic impact,
overexpression conferring an unfavorable prognosis. If
information on these profiles were immediately available
following histopathological diagnosis, it would be useful
for prompt and accurate decision-making with regard to
treatment.
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p53 may be associated with TP53 mutation, LOH of TP53,
and aberrant expression of various p53-regulatory genes,
including MDM2 and p14ARF.1,3,57–59 In the present study, as
the grade of malignancy increased, the proportion of
patients with p53-positive profiles tended to increase;
however, expression of p53 in patients with any tumor
grade showed no significant association with outcome
(Tables 2 and 3).

In the present study, we found that a combination of
both IDH1 and MGMT profiles would be useful for prog-
nostication (Fig. 2C). Therefore, after diagnosis of GBM
and AA, on the basis of immunohistochemistry for both
IDH1 and MGMT, it would be possible to estimate the
mOS of the patients. Moreover, if patients were found to
have a MGMT-negative profile, CRT could be considered.
Consistent with this, a recent molecular study has revealed
that the combination of IDH1 mutation and MGMT
methylation status outperforms information on either
IDH1 or MGMT alone for predicting the survival of
patients with GBM: patients with IDH1 mutations/MGMT
methylation survived longer, whereas those with no
IDH1 mutations/no MGMT methylation showed shorter
survival.5

Furthermore, we found that p53 overexpression in
patients with IDH1-negative and MGMT-negative profiles
could be a useful prognostic factor (Fig. 2I). Therefore,
based on a combination of the IDH1, MGMT and p53
profiles, three groups were distinguishable, and their mOSs
differed significantly (Figs 2J and 3). Clinicopathologically,
these findings appear to have potential importance for
predicting the outcome of patients with malignant
astrocytomas.

In conclusion, the immunohistochemical profiles of
IDH1, MGMT and p53 are of significant importance for
prognostication in patients with malignant astrocytomas.A
combination of IDH1 positivity and MGMT negativity
may indicate a favorable prognosis, whereas a combination
of IDH1 negativity and MGMT positivity may be unfavor-
able. For patients with IDH1 negativity and MGMT nega-
tivity, the p53 profile may have a crucial prognostic impact,
overexpression conferring an unfavorable prognosis. If
information on these profiles were immediately available
following histopathological diagnosis, it would be useful
for prompt and accurate decision-making with regard to
treatment.
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Characteristic expression of p57/Kip2 in balloon
cells in focal cortical dysplasia
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Balloon cells are a pathognomonic cellular feature of
various cortical malformations, including focal cortical dys-
plasia type IIb (FCD IIb), cortical tubers of tuberous scle-
rosis (TSC) and hemimegalencephaly (HME). In the
present study, we investigated the immunohistochemical
expression of p57/Kip2, a member of the Cip/Kip family of
cyclin-dependent kinase inhibitory proteins, in balloon cells
in surgical specimens taken from 26, 17 and six patients with
FCD IIb, TSC and HME, respectively. Characteristic dot-
like reactivity with a faint, intense, reticular and process-like
pattern was confined to the proximal portion of the cyto-
plasmic processes of the cells. Immunoelectron microscopy
revealed the p57/Kip2 reactivity on intermediate filaments
in the proximal portion of the processes. The immunohisto-
chemical profile appeared similar to that of CD34; however,
a double immunofluorescence study demonstrated that no
cells showed reactivity for both p57/Kip2 and CD34. The
frequencies of the p57/Kip2-positive cells in FCD IIb and
HME were significantly higher than those in TSC, suggest-
ing that the balloon cells may be heterogeneous. These
findings suggest some functional significance of the protein

on the cytoplasmic processes of balloon cells and appear
consistent with the notion that the cells are abnormally
differentiated progenitor cells.

Key words: balloon cell, focal cortical dysplasia,
hemimegalencephaly, p57/Kip2, tuberous sclerosis.

INTRODUCTION

Balloon cells are a pathognomonic cellular feature of
various cortical malformations, including focal cortical dys-
plasia type IIb (FCD IIb),1 cortical tubers of tuberous scle-
rosis (TSC)2 and hemimegalencephaly (HME).3 Patients
with these malformations often suffer intractable epilepsy
requiring surgical resection of the lesions. The origin and
identity of these cells are uncertain. However, a large
number of studies have indicated that subsets of balloon
cells express various proteins characteristic of glial,
neuronal and stem cell/progenitor cells, including GFAP,
vimentin, nestin,4,5 neurofilament, neuronal specific nuclear
protein (NeuN),microtubule associated protein 2 (MAP2),6

class III beta-tubulin (TuJ1),7 glutamate receptor,8 CD133,
CD34,9 and minichomosome maintenance complex compo-
nent 2 (Mcm2).10 With regard to the origin of balloon cells,
an in vitro study of isolated balloon cells taken from patients
with FCD IIb and TSC has indicated that such cells are
abnormal stem cells that contribute to the pathogenesis of
these disorders.11 Furthermore, an immunohistochemical
study using a panel of several antibodies specific for certain
progenitor cell types, including brain lipid-binding protein
(BLBP),Otxl,GFAP-δ and Pax6,has indicated that balloon
cells are derived from radial glial progenitor cells.5 Another
morphological and electrophysiological study of FCD IIb
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has also proposed that balloon cells represent radial glial
cells that have failed to undergo postnatal degeneration.12

Moreover, an immunohistochemical study examining the
expression of cell cycle proteins, including non-
phosphorylated retinoblastoma protein, cdk4 and p53, in
balloon cells in FCD IIb has hypothesized that these cells
are the remnants of early cortical cells, which have failed to
undergo differentiation or elimination during development
and have undergone cell cycle arrest.13 Thus, dysregulation
of cell cycle proteins may be a pivotal mechanism underly-
ing the dysplastic features of balloon cells, including abnor-
mal cell fate determination,cell immaturity,and subsequent
abnormal morphology.

In the present study, we examined the immunohisto-
chemical expression of p57/Kip2 and p27/Kip1, members
of the Cip/Kip family of cyclin-dependent kinase (CDK)
inhibitory proteins, in balloon cells in surgical specimens of
FCD IIb,TSC and HME taken from patients with epilepsy.
Recent biological studies have provided evidence that
these proteins play important roles in cell cycle regulation,
proliferation, differentiation and migration of various
types of cancer cells14 and of cortical precursors in the
developing brain.15 We found that various proportions of
balloon cells in the malformed brain tissue showed reac-
tivity for p57/Kip2, but not for p27/Kip1.

MATERIALS AND METHODS

Subjects

The study was approved by the various institutional ethics
committees, and all patients provided consent to use their
resected tissues for research purposes. We examined surgi-
cal specimens taken from 26 patients with FCD IIb
(14 male, 12 female: 15 right, 11 left: age at resection
mean 1 SD = 16.4 1 12.9 years), 17 patients with TSC (nine
male, eight female: seven right, 10 left: age 6.29 1 7.6 years)
and six patients with HME (three male, three female: four
right, two left: age 1.00 1 1.2 years), who had undergone
resection of neocortical tissue because of intractable epi-
lepsy (Table 1). Five of the patients with TSC were con-
firmed as harboring mutations in the TSC1 or TSC2 gene,
as previously reported 16 (Table 1). The surgical specimens
were cut into slices and fixed with phosphate-buffered 20%
formalin and embedded in paraffin wax. Serial 4-μm-thick
sections were then cut, and subjected to HE and KB stain-
ing. Diagnoses of FCD IIb,1 cortical tubers of TSC2 and
HME,3 were made on the basis of histopathological fea-
tures, clinical information, images and prognosis.

The term “balloon cells” is used for the abnormal cells
observed in FCD IIb and HME, whereas “giant cells” is the
term sometimes applied for those in cortical tubers. These

cells are morphologically indistinguishable. For clarity, the
term “balloon cells” is used here for all cell populations.2,11

Immunohistochemistry, cell counting and
statistical analysis

The paraffin-embedded sections were processed by the
avidin-biotin-peroxidase complex (ABC) method with a
Vectastain ABC kit (Vector, Burlingame, CA, USA). As
the primary antibodies, we used a rabbit polyclonal anti-
body against p57/Kip2 (Abcam, Cambridge, MA, USA;
1:200), and mouse monoclonal antibodies against p27/Kip1
(clone 57, BD Biosciences Pharmingen, Franklin Lakes, NJ,
USA; 1:200) and CD34 (clone Qbend 10, Immunotech,
Monrovia, CA, USA; 1:200). Pretreatment was performed
by heat/autoclaving for 10 min at 121°C in 10 mmol/L
sodium citrate buffer.

For cell counting, a single p57/Kip2-immunostained
section from each case was used. The sections were
observed under a light microscope (BX53, Olympus,
Tokyo, Japan) and images were captured by a digital
camera (DP73, Olympus). Balloon cells were identified as
bizarre cells with abundant cytoplasm and eccentric nuclei
(Fig. 1A). The numbers of the p57/Kip2-positive and
-negative balloon cells in the images were counted manu-
ally using the “Count tool” of the Adobe Photoshop soft-
ware package.

Statistical significance of differences in the frequency of
p57/Kip2-positive balloon cells in any of the FCD IIb, TSC
or HME cases was analyzed with nonparametric Kruskal-
Wallis test and Mann-Whitney U-test at a significance level
of P < 0.01. The results are shown as mean 1 SD. Data
analysis was carried out using the IBM SPSS statistics
version 20 software package (IBM SPSS Inc., Chicago, IL,
USA).

Double immunofluorescence

A double-labeling immunofluorescence study was per-
formed on several sections from eight patients with FCD
IIb using the rabbit polyclonal anti-p57/Kip2 antibody
(1:100) and the mouse monoclonal anti-CD34 antibody
(1:100). The secondary antibodies used were Alexa Fluor
555 goat anti-mouse IgG and Alexa Fluor 488 goat anti-
rabbit IgG (both Molecular Probes, Eugene, OR, USA;
1:1000). Slides were treated with Autofluorescence Elimi-
nator Reagent (Millipore, Bellerica, MA, USA), and then
mounted with glass coverslips using VECTAshield mount-
ing medium with 4,6-diamidino-2-phenylindole (DAPI)
nuclear stain (Vector Laboratories, Burlingame, CA,
USA). A laser-scanning confocal microscope (Carl
Zeiss LSM-700, Jena, Germany) was used to visualize
immunoreactivity.
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Immunoelectron microscopy

The ultrastructural localization of p57/Kip2 was examined
using surgical specimens taken from five patients with FCD
IIb, employing the post-embedding method previously
described.17 Small tissue blocks were prepared from

formalin-fixed tissue, and washed with PBS. The tissue
blocks were then washed with gradually increasing concen-
trations of dimethylformamide, and embedded in LR
White resin (London Resin Company, Berkshire, UK).
Ultrathin sections were cut, incubated with the anti-p57/
Kip2 antibody (1:25) for 36 h, and reacted with 15-nm gold

Table 1 Clinical and pathological profiles of the patients with FCD, TSC and HME

Case ID Sex Age
(y)

Onset
(y)

Location Side Pathology Number of
balloon cells

Number of
p57/Kip2

positive cells

Percentages

1 F 2 1 T R FCD IIb 95 67 70.53
2 F 2 – P L FCD IIb 69 50 72.46
3 M 3 0 F L FCD IIb 78 39 50.00
4 M 7 6 F R FCD IIb 51 50 98.04
5 M 8 5 F R FCD IIb 120 97 80.83
6 M 8 7 F L FCD IIb 65 42 64.62
7 F 8 4 F L FCD IIb 163 80 49.08
8 F 9 5 P R FCD IIb 13 11 84.62
9 M 10 1 F R FCD IIb 19 12 63.16

10 F 10 3 P R FCD IIb 85 64 75.29
11 F 10 0 F L FCD IIb 154 102 66.23
12 M 11 9 O R FCD IIb 21 16 76.19
13 M 11 5 P L FCD IIb 73 62 84.93
14 M 12 6 F R FCD IIb 33 5 15.15
15 M 12 5 F L FCD IIb 63 31 49.21
16 F 12 0 T R FCD IIb 157 73 46.50
17 F 17 7 F L FCD IIb 66 50 75.76
18 F 18 5 P R FCD IIb 81 66 81.48
19 M 20 10 O L FCD IIb 50 26 52.00
20 F 20 4 F R FCD IIb 58 39 67.24
21 F 23 7 P R FCD IIb 84 70 83.33
22 M 26 6 P R FCD IIb 109 94 86.24
23 M 34 10 F R FCD IIb 162 95 58.64
24 M 38 1 M L FCD IIb 42 36 85.71
25 F 41 5 P R FCD IIb 78 40 51.28
26 M 54 3 F L FCD IIb 31 21 67.74
27 F 0 0 F L TSC 340 1 0.29
28 F 0 0 F R TSC 140 0 0.00
29 M 1 – F R TSC 70 18 25.71
30 M 2 0 F L TSC 71 2 2.82
31 M 2 0 F R TSC 18 6 33.33
32** F 2 0 T L TSC 81 14 17.28
33 F 2 0 T L TSC 117 1 0.85
34 M 3 1 F R TSC 37 22 59.46
35 M 3 2 F L TSC 52 4 7.69
36 F 3 0 T L TSC 43 0 0.00
37 F 4 2 P L TSC 37 1 2.70
38 F 5 0 P L TSC 14 0 0.00
39* F 9 0 F L TSC 10 1 10.00
40** M 11 0 F R TSC 9 1 11.11
41 M 11 – F L TSC 24 5 20.83
42* M 24 10 F R TSC 18 15 83.33
43** M 25 6 F R TSC 30 4 13.33
44 M 0 0 P L HME 23 4 17.39
45 M 0 0 F L HME 94 82 87.23
46 F 0 0 F R HME 58 30 51.72
47 M 1 0 F R HME 140 7 5.00
48 F 2 0 F R HME 31 18 58.06
49 M 3 0 T R HME 150 91 60.67

F, female; M, male; F, frontal; T, temporal; P, parietal; O, occipital; R, right; L, left; FCD, focal cortical dysplasia; TSC, tuberous sclerosis; HME,
hemimegalencephaly; y, year(s). Mutations in * TSC1 and ** TSC2 genes.
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Fig. 1 p57/Kip2 immunohistochemical features. Balloon cells in focal cortical dysplasia (FCD) type IIb (A-F), tuberous sclerosis (TSC)
(G), and hemimegalencephaly (HME) (H), and dysmorphic neurons in FCD type IIb (I, J). (A, B) Low-power magnification views of white
matter of a sample demonstrating several balloon cells with abundant cytoplasm and eccentric nuclei (A), and dot-like immunoreactivity
around the cytoplasm of the balloon cells (B). (C-F) Higher-magnification views of balloon cells showing faint (C), intense (D), reticular
(E) and process-like (F) fashion. (G) No balloon cells with immunoreactivity are seen. (H) Many balloon cells showing similar
immunoreactivity. (J) No dysmorphic neurons with immunoreactivity are seen. (A, I) Hematoxylin and eosin stain. (B-H, J)
Immunostained and then counterstained with hematoxylin. Images of A and B, and those of I and J are taken from serial sections.
Bars = 50 μm for A, B, G and H, and 20 μm for C-F, I and J.

404 T Kimura et al.

© 2015 Japanese Society of Neuropathology



－  173  －

colloidal particle-conjugated anti-rabbit IgG (British
BioCell, Cardiff, UK, 1:30). The sections were then stained
with lead citrate, and examined with a Hitachi H-7700
digital electron microscope at 75 kV.

RESULTS

p57/Kip2 immunohistochemistry

In FCD IIb, balloon cells showed characteristic p57/Kip2
immunoreactivity (Fig. 1B) in the form of dot-like profiles
around the abundant cytoplasm, showing faint (Fig. 1C),
intense (Fig. 1D), reticular (Fig. 1E) and process-like
(Fig. 1F) patterns. These profiles appeared to be confined
to the cytoplasmic membrane and proximal processes of
the cells. No apparent immunoreactivity was evident within
the perikaryon proper. Balloon cells with faint or intense
p57/Kip2 immunoreactivity were found predominantly
within the white matter, whereas those with the reticular
and process-like patterns were scattered in deeper layers of
the cortex and at its boundary with the white matter. Inter-
estingly, a large proportion of balloon cells observed in
TSC were p57/Kip2-negative (Fig. 1G). On the other hand,
balloon cells in HME (Fig. 1H) showed immunoreactivity
similar to that in FCD IIb.

The median frequencies of the p57/Kip2-positive
balloon cells were 69.1% in FCD IIb (range, 51.8 to 81.9),
54.9% in HME (range, 17.4 to 60.7), and 10.0% in TSC
(range, 0.9 to 20.8) (Table 1). The frequencies in FCD IIb
and HME were higher than those in TSC (χ2 (2,
n = 49) = 22.9, P < 0.001).A post-hoc test revealed a signifi-
cant difference between FCD IIb and TSC (P < 0.001), but
not between HME and TSC.

We found no morphological differences between
balloon cells with p57/Kip2 immunoreactivity and those
without the immunoreactivity. No dysmorphic neurons
(Fig. 1I) or other neurons with normal morphology showed
reactivity for p57/Kip2 (Fig. 1J).

With regard to p27/Kip1, no labeling of balloon cells or
dysmorphic neurons was evident in FCD IIb,TSC or HME
(data not shown).

Double immunofluorescence

As the expression pattern of p57/Kip2 in balloon cells
(Fig. 1B) appeared similar to that of CD34,9 we performed
double immunofluorescence for detection of both p57/
Kip2 and CD34. Surprisingly, we encountered no balloon
cells that were immunoreactive with both of the antibodies
used (Fig. 2).

Electron microscopy

Ultrastructurally, the balloon cells exhibited abundant
cytoplasm containing numerous intermediate filaments,

and short cytoplasmic processes with abundant filaments
(Fig. 3A, C), as previously reported.18,19 Immunogold label-
ing for p57/Kip2 was observed mainly on the filaments at
the peripheral cytoplasm and proximal portion of the pro-
cesses (Fig. 3B, D, E).

DISCUSSION

In the present study, for the first time, we have demon-
strated the expression of p57/Kip2 in balloon cells
(Fig. 1). The characteristic immunohistochemical features
(Figs 1,3) suggest some significant role of the protein in the
processes. Furthermore, we have shown that in comparison
with balloon cells in FCD IIb and HME, those in TSC
express p57/Kip2 much more rarely (Table 1), indicating
that the roles of the protein in balloon cells may differ
somewhat between FCD IIb/HME and TSC.

The CDK inhibitors of the Cip/Kip family, including
p57/Kip2 and p27/Kip1, are known to regulate the cell
cycle. Recent understanding of the roles of the family
members in development of the CNS has been expand-
ing, and it is now known to be involved in multiple
aspects of neurogenesis through cell cycle arrest, specific
cell-type differentiation and neuronal migration.15,20,21

Recently, it has been revealed that the members of this
family differentially regulate neuroglial fate determina-
tion depending on environmental signals and develop-
mental stage.22 Balloon cells are considered to be the
consequence of aberrant differentiation of radial glial
cells, a type of progenitor cell, to neurons and glia.5

Therefore, expression of p57/Kip2 in balloon cells may be
associated with abnormal differentiation of the progeni-
tor cells. It seems unlikely that the p57/Kip2 profiles
observed in the present study reflected aberrant
neurogenesis or neuronal migration, because neurons
with normal or dysplastic morphologies were distributed
irregularly within the cortex and white matter of FCD
IIb/TSC/HME, but they showed no p57/Kip2
immunoreactivity.

It has been hypothesized that balloon cells may be
arrested in cell cycle G1, based on the findings that they
frequently express G1 markers in their nuclei.13 Concern-
ing the cell cycle, a biological study demonstrated that
p57/Kip2 was strongly expressed in association with the
late G1 phase of developing cells of the CNS.20 Therefore,
the p57/Kip2 selected expression in the balloon cells in the
present study appears compatible with the notion that they
are arrested in G1. However, we could not consider close
association between the p57/Kip2 expression and the cell
cycle of the balloon cells, because G1 associated proteins
usually localize within the nucleus, but p57/Kip2 was
observed at the cytoplasmic processes, rather than the
nucleus, of the balloon cells.
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TSC is an autosomal-dominant disease resulting from
mutations of either TSC1 or TSC2, encoding hamartin and
tuberin, respectively. The TSC gene products form a func-
tional heterodimer,which negatively regulates the activities
of mammalian target of rapamycin (mTOR),23 a serine/
threonine kinase known to be a major effector of cell
growth. In the CNS, activation of mTOR signaling may
cause abnormal development of neurons and glia.24 On the
other hand, recent genetic studies have revealed somatic
mutations in the PIK3CA, AKT3 and MTOR genes in brain
tissue of patients with HME, indicating aberrant activation
of mTOR signaling.25,26 The molecular genetic mechanisms
underlying FCD IIb have remained uncertain. FCD IIb,
TSC and HME often share a number of histopathological
features, including disruption of cortical cytoarchitecture,
dysmorphic neurons and balloon cells. On the other hand,
based on our experience of routine histopathological diag-
noses of these developmental disorders, we have formed an
impression that calcification and astrocytosis are much

more remarkable in TSC than in FCD IIb and HME. More-
over, the frequency of dysmorphic neurons appears to be
much higher in HME than in FCD IIb and TSC. In a subset
of patients with HME, balloon cells were not observed.
Furthermore, a previous biochemical analysis demon-
strated somewhat differential Pi3K-pathway activation in
FCD IIb and TSC.27 Another electrophysiological study
demonstrated that FCD IIb and TSC display differences in
the topography of abnormal cells, excitatory and inhibitory
synaptic network properties, and GABA(A) receptor
sensitibity.28 Accordingly, certain differences in the
pathomechanisms of these disorders may be associated with
differences in the histological picture and expression of
p57/Kip2 in balloon cells (Table 1). In the present study, we
found no clear association between genetic profiles and the
frequencies of p57/Kip2-positive balloon cells in patients
with TSC. For example, the frequency in two patients with
TSC1 mutations (cases #39 and #42 in Table 1) were consid-
erably differed.

Fig. 2 Double immunofluorescence. Immunofluorescence with the p57/Kip2 (green, A, D) and CD34 (red, B, E) signals to demonstrate
the spatial relationship of the two antigens. (C, F) Merged image of both signals. Nuclei are labeled with 4,6-diamidino-2-phenylindole
(DAPI) (blue). High-power views demonstrating a single balloon cell with two nuclei (A-C) and lower-power views showing two cells
(arrow and arrowhead) (D-F) in FCD type IIb. Note the cells show either signal. No co-localized signals are observed. Bars = 10 μm for
A-C, and 20 μm for D-F.
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CD34, a stem cell/progenitor cell marker, is well known
to be expressed in balloon cells in FCD IIb,TSC and HME,
where the immunolabeled cells are exclusively located
within the deep white matter or close to the gray matter
boundary,but not in the cortex.9 In the present study,we also
detected several CD34-labeled balloon cells; however,
double-labeling immunofluorescence revealed distinct
populations of balloon cells showing immunoreactivity for
either CD34 or p57/Kip2 (Fig. 2). Even though these popu-
lations were located closely to each other within the white
matter, we found no balloon cells that expressed both pro-
teins (Fig. 2). CD34 is known to be expressed during neural
tube formation.29 Moreover, it has been reported that
CD34-labeled progenitor-like cells are sometimes observed
in ganglioglioma and other epilepsy-associated brain

tumors taken from patients with epilepsy.30 However, the
significance of CD34, and also p57/Kip2, in balloon cells has
remained uncertain. It seems unlikely that certain cellular
mechanisms would induce some sort of conflict in the
expression of CD34 and p57/Kip2. Therefore, we speculate
that the available evidence points to heterogeneity of the
cells.

We were able to observe the ultrastructural localization
of p57/Kip2 on intermediate filaments, presumably mainly
vimentin filaments and possibly glial filaments as reported
previously,19 in the proximal parts of the cytoplasmic pro-
cesses (Fig. 3).This ultrastructural localization appeared to
be compatible with the immunohistochemical picture
(Fig. 1). In the perikarya of balloon cells, the intermediate
filaments are loosely arranged and intermingled with

Fig. 3 Ultrastructural localization of p57/Kip2. (A) Low-power view of a balloon cell showing eccentric nucleus, abundant cytoplasm with
filaments and cell organelle, and short cytoplasmic processes. (B) A higher magnification view of the short processes. The area indicated
by a square in A. Note the immunoreactivity in the proximal portion of the cytoplasmic processes (arrows). (C-E) Another example of
balloon cell with abundant intermediate filaments. (D, E) Higher magnification views of the areas indicated by square 1 rotated by 45° and
square 2 in C, respectively, showing the immunoreactivity on the intermediate filaments. Bars = 10 μm for A, 500 nm for B, D and E, and
5 μm for C.
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intracellular organelles, whereas in the proximal processes,
the filaments show a tendency to be much more densely
packed and aligned in the direction of extension of the
processes (Fig. 3D, E). Up to now, the significance of p57/
Kip2 localization in balloon cells has been uncertain.
However, recent biochemical studies have provided evi-
dence for a critical role of p57/Kip2 in the regulation of
actin cytoskeletal dynamics, and thus migration ability, in
cancer cells.31 Therefore, there is a possibility that p57/Kip2
may be involved in the intermediate filament assembly that
is necessary for extension of the cytoplasmic processes of
balloon cells.

In conclusion, we have reported aberrant expression of
p57/Kip2 in balloon cells in various types of brain malfor-
mation. Our observations appear to be consistent with the
notion that these cells represent abnormal differentiation of
progenitor cells. Characteristically, the immunoreactivity
appears to be localized in the proximal portion of cytoplas-
mic processes, implying that the protein has functional sig-
nificance in the processes. The significant difference in the
frequency of immunoreactive cells between FCD IIb and
TSC suggests that the function of the protein may differ
between these malformations.
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Abstract
In Lewy body disease (LBD) such as dementia with LBs and Parkinson’s disease, several
lines of evidence show that disrupted proteolysis occurs. p62/SQSTM1 (p62) is highly
involved with intracellular proteolysis and is a component of ubiquitin-positive inclusions
in various neurodegenerative disorders. However, it is not clear whether p62 deficiency
affects inclusion formation and abnormal protein accumulation. To answer this question,
we used a mouse model of LBD that lacks p62, and found that LB-like inclusions were
observed in transgenic mice that overexpressed α-synuclein (Tg mice) with or without the
p62 protein. p62 deficiency enhanced α-synuclein pathology with regard to the number of
inclusions and staining intensity compared with Tg mice that expressed p62. To further
investigate the molecular mechanisms associated with the loss of p62 in Tg mice, we
assessed the mRNA and protein levels of several molecules, and found that the neighbor of
the brca1 gene (NBr1 ), which is functionally and structurally similar to p62, is increased in
Tg mice without p62 compared with control Tg mice. These findings suggest that p62 and
NBR1 affect the pathogenesis of neurodegenerative diseases through the cooperative
modulation of α-synuclein aggregation.

INTRODUCTION

Lewy body disease (LBD) including dementia with LBs and Par-
kinson’s disease (PD) is pathologically characterized by the pres-
ence of intracellular inclusions called LBs. α-Synuclein has been
identified as a component of LBs (41), and the duplication and
triplication of the α-synuclein gene are found in both sporadic and
early onset forms of PD (40). Mutations (A30P and A53T) in the
α-synuclein gene are linked to autosomal dominant forms of PD
(20, 31). Originally, α-synuclein is a proteinase K (PK)-soluble
protein that localizes at presynaptic terminals; however,
α-synuclein becomes resistant to PK and widely deposited
throughout the brain of patients with LBD (19, 42). These findings
suggest that α-synuclein is significantly involved in the pathogen-
esis of both familial and sporadic cases of LBD.

α-Synuclein is physiologically processed by two intracellular
degradation systems, including the ubiquitin–proteasome and
autophagy–lysosome systems. In case of α-synuclein overload,
the autophagy–lysosome system, including chaperone-mediated
autophagy, predominantly aids in the degradation of excess
α-synuclein (6, 22, 46). Thus, it is possible that dysfunction of
intracellular degradation system results in the up-regulation of

α-synuclein expression and contributes to abnormal protein accu-
mulation. Indeed, several lysosomal-related genes were identified
as a causative mutation in familial PD, including leucine-rich
repeat kinase 2 and adenosine-3-phosphate 13A2. Furthermore,
PD has been genetically linked to rare lysosomal storage diseases,
including Gaucher’s disease (25) and Sanfilippo syndrome (47).

p62/SQSTM1/sequestosome 1 (referred to as p62) is a multi-
functional protein that is strongly associated with the intracellular
degradation system. P62 knockout (KO) mice exhibit mature-
onset obesity, insulin and leptin resistance (37). Pathologically,
loss of p62 results in the accumulation of hyperphosphorylated tau
and insoluble K63-linked polyubiquitin chains (33, 48). p62 con-
tains a ubiquitin-associated (UBA) domain at the C-terminus that
enables its interaction with ubiquitinated and misfolded proteins.
Additionally, p62 possesses a Phox and Bem1p (PB1) domain at
the N-terminus and a LC3 interacting region, suggesting that p62
is able to interact with proteasome components and autopha-
gosomal membranes (29, 38). Thus, it has been suggested that p62
can efficiently degrade ubiquitinated and misfolded proteins
through the proteasome and autophagy–lysosome systems. It has
been reported that p62 is an inducible protein that easily aggre-
gates under several pathological conditions, such as oxidative
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stress and neurodegeneration (1, 11, 27). Accordingly, dysfunction
of the intracellular degradation systems induces p62 aggregation
in vivo (2, 16). Furthermore, loss of p62 suppressed ubiquitin-
positive inclusions in neurons of brain-specific autophagy-
deficient mice (17). Additionally, ubiquitin- and p62-positive
protein aggregates were abrogated in Atg8 and p62 double-mutant
flies (26). These findings suggest that p62 may be responsible for
the formation of cytoplasmic inclusions and abnormal protein
accumulation.

In this study, we used transgenic (Tg) mice overexpressing
α-synuclein with a A53T mutation as a model for LBD. We
crossed the Tg mice with p62 KO mice to examine the involvement
of p62 in abnormal α-synuclein pathology. Immunohistochemical
analyses showed that p62 deficiency enhanced α-synuclein pathol-
ogy, as shown by an increase in inclusion number and staining
intensity. We assessed several genes and proteins related to stress
response and proteolysis. These data revealed that the expression
of neighbor of brca1 gene (NBR1), which is a functional homo-
logue to p62, was increased in p62-deficient mice.

MATERIALS AND METHODS

Animals and experimental design

α-Synuclein Tg mice have been widely used as an animal model
for LBD (7, 14, 21, 23, 24, 34, 36, 45). To create this LBD model
in a p62-deficient background, we used mice overexpressing
human α-synuclein with the A53T mutation under the prion pro-
moter (Jackson Laboratories, Bar Harbor, ME, USA) (7) and p62
KO mice with exon 1–4 deleted as previously described (17). The
p62 KO mice lacked abnormal tau pathology. α-Synuclein Tg and
p62 KO mice were backcrossed with C57BL/6J mice for at least 10
generations. First, heterozygous α-synuclein Tg mice were bred
with p62 KO mice to generate α-synuclein+/−/p62+/− mice. Second,
α-synuclein+/−/p62+/− mice were inbred to generate wild type,
p62 KO, α-synuclein+/−/p62+/+ and α-synuclein+/−/p62−/− mice
(Figure 1A). Hereafter, wild-type, p62 KO, α-synuclein+/−/p62+/+

and α-synuclein+/−/p62−/− mice are simply referred to as WT, KO,
Tg and Tg/KO mice, respectively. All comparisons were made

Figure 1. Characterization of p62 protein deficiency in an animal model
of Lewy body disease. A. Breeding strategies to generate p62 defi-
ciency in α-synuclein transgenic (Tg) mice. Initially, heterozygous
α-synuclein Tg and homozygous p62-knockout (KO) mice were crossed.
Next, littermates and heterozygous p62-deficient mice were mated to
generate Tg mice without p62 (Tg/KO), of which four groups were used
in this study (black circles). B. Immunoblot analysis confirmed that
α-synuclein was overexpressed in Tg and Tg/KO mice and that p62

signals were diminished in KO and Tg/KO mice (9 weeks of age, n = 6
per group). The molecular mass is indicated on the left side of the panel.
β-Actin was used as a loading control. C. A quantitative analysis shows
that human α-synuclein is expressed in Tg and Tg/KO mice and that p62
is absent in KO and Tg/KO mice. The values of Tg mice are defined as
100%. D. The weight changes of Tg (black circle) and Tg/KO mice (grey
circle) are shown (mean ± standard deviation, n = 6–8 per group).
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Abstract
In Lewy body disease (LBD) such as dementia with LBs and Parkinson’s disease, several
lines of evidence show that disrupted proteolysis occurs. p62/SQSTM1 (p62) is highly
involved with intracellular proteolysis and is a component of ubiquitin-positive inclusions
in various neurodegenerative disorders. However, it is not clear whether p62 deficiency
affects inclusion formation and abnormal protein accumulation. To answer this question,
we used a mouse model of LBD that lacks p62, and found that LB-like inclusions were
observed in transgenic mice that overexpressed α-synuclein (Tg mice) with or without the
p62 protein. p62 deficiency enhanced α-synuclein pathology with regard to the number of
inclusions and staining intensity compared with Tg mice that expressed p62. To further
investigate the molecular mechanisms associated with the loss of p62 in Tg mice, we
assessed the mRNA and protein levels of several molecules, and found that the neighbor of
the brca1 gene (NBr1 ), which is functionally and structurally similar to p62, is increased in
Tg mice without p62 compared with control Tg mice. These findings suggest that p62 and
NBR1 affect the pathogenesis of neurodegenerative diseases through the cooperative
modulation of α-synuclein aggregation.

INTRODUCTION

Lewy body disease (LBD) including dementia with LBs and Par-
kinson’s disease (PD) is pathologically characterized by the pres-
ence of intracellular inclusions called LBs. α-Synuclein has been
identified as a component of LBs (41), and the duplication and
triplication of the α-synuclein gene are found in both sporadic and
early onset forms of PD (40). Mutations (A30P and A53T) in the
α-synuclein gene are linked to autosomal dominant forms of PD
(20, 31). Originally, α-synuclein is a proteinase K (PK)-soluble
protein that localizes at presynaptic terminals; however,
α-synuclein becomes resistant to PK and widely deposited
throughout the brain of patients with LBD (19, 42). These findings
suggest that α-synuclein is significantly involved in the pathogen-
esis of both familial and sporadic cases of LBD.

α-Synuclein is physiologically processed by two intracellular
degradation systems, including the ubiquitin–proteasome and
autophagy–lysosome systems. In case of α-synuclein overload,
the autophagy–lysosome system, including chaperone-mediated
autophagy, predominantly aids in the degradation of excess
α-synuclein (6, 22, 46). Thus, it is possible that dysfunction of
intracellular degradation system results in the up-regulation of

α-synuclein expression and contributes to abnormal protein accu-
mulation. Indeed, several lysosomal-related genes were identified
as a causative mutation in familial PD, including leucine-rich
repeat kinase 2 and adenosine-3-phosphate 13A2. Furthermore,
PD has been genetically linked to rare lysosomal storage diseases,
including Gaucher’s disease (25) and Sanfilippo syndrome (47).

p62/SQSTM1/sequestosome 1 (referred to as p62) is a multi-
functional protein that is strongly associated with the intracellular
degradation system. P62 knockout (KO) mice exhibit mature-
onset obesity, insulin and leptin resistance (37). Pathologically,
loss of p62 results in the accumulation of hyperphosphorylated tau
and insoluble K63-linked polyubiquitin chains (33, 48). p62 con-
tains a ubiquitin-associated (UBA) domain at the C-terminus that
enables its interaction with ubiquitinated and misfolded proteins.
Additionally, p62 possesses a Phox and Bem1p (PB1) domain at
the N-terminus and a LC3 interacting region, suggesting that p62
is able to interact with proteasome components and autopha-
gosomal membranes (29, 38). Thus, it has been suggested that p62
can efficiently degrade ubiquitinated and misfolded proteins
through the proteasome and autophagy–lysosome systems. It has
been reported that p62 is an inducible protein that easily aggre-
gates under several pathological conditions, such as oxidative
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stress and neurodegeneration (1, 11, 27). Accordingly, dysfunction
of the intracellular degradation systems induces p62 aggregation
in vivo (2, 16). Furthermore, loss of p62 suppressed ubiquitin-
positive inclusions in neurons of brain-specific autophagy-
deficient mice (17). Additionally, ubiquitin- and p62-positive
protein aggregates were abrogated in Atg8 and p62 double-mutant
flies (26). These findings suggest that p62 may be responsible for
the formation of cytoplasmic inclusions and abnormal protein
accumulation.

In this study, we used transgenic (Tg) mice overexpressing
α-synuclein with a A53T mutation as a model for LBD. We
crossed the Tg mice with p62 KO mice to examine the involvement
of p62 in abnormal α-synuclein pathology. Immunohistochemical
analyses showed that p62 deficiency enhanced α-synuclein pathol-
ogy, as shown by an increase in inclusion number and staining
intensity. We assessed several genes and proteins related to stress
response and proteolysis. These data revealed that the expression
of neighbor of brca1 gene (NBR1), which is a functional homo-
logue to p62, was increased in p62-deficient mice.

MATERIALS AND METHODS

Animals and experimental design

α-Synuclein Tg mice have been widely used as an animal model
for LBD (7, 14, 21, 23, 24, 34, 36, 45). To create this LBD model
in a p62-deficient background, we used mice overexpressing
human α-synuclein with the A53T mutation under the prion pro-
moter (Jackson Laboratories, Bar Harbor, ME, USA) (7) and p62
KO mice with exon 1–4 deleted as previously described (17). The
p62 KO mice lacked abnormal tau pathology. α-Synuclein Tg and
p62 KO mice were backcrossed with C57BL/6J mice for at least 10
generations. First, heterozygous α-synuclein Tg mice were bred
with p62 KO mice to generate α-synuclein+/−/p62+/− mice. Second,
α-synuclein+/−/p62+/− mice were inbred to generate wild type,
p62 KO, α-synuclein+/−/p62+/+ and α-synuclein+/−/p62−/− mice
(Figure 1A). Hereafter, wild-type, p62 KO, α-synuclein+/−/p62+/+

and α-synuclein+/−/p62−/− mice are simply referred to as WT, KO,
Tg and Tg/KO mice, respectively. All comparisons were made

Figure 1. Characterization of p62 protein deficiency in an animal model
of Lewy body disease. A. Breeding strategies to generate p62 defi-
ciency in α-synuclein transgenic (Tg) mice. Initially, heterozygous
α-synuclein Tg and homozygous p62-knockout (KO) mice were crossed.
Next, littermates and heterozygous p62-deficient mice were mated to
generate Tg mice without p62 (Tg/KO), of which four groups were used
in this study (black circles). B. Immunoblot analysis confirmed that
α-synuclein was overexpressed in Tg and Tg/KO mice and that p62

signals were diminished in KO and Tg/KO mice (9 weeks of age, n = 6
per group). The molecular mass is indicated on the left side of the panel.
β-Actin was used as a loading control. C. A quantitative analysis shows
that human α-synuclein is expressed in Tg and Tg/KO mice and that p62
is absent in KO and Tg/KO mice. The values of Tg mice are defined as
100%. D. The weight changes of Tg (black circle) and Tg/KO mice (grey
circle) are shown (mean ± standard deviation, n = 6–8 per group).
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among littermates to minimize confounding effects by different
genetic backgrounds. Mice were housed with a light/dark cycle of
12 h and were given food and water ad libitum. The experimental
protocol was approved by the Institutional Animal Care and Use
Committee at the Hirosaki University Graduate School of Medi-
cine in Japan. Tg mice were genotyped using real-time polymerase
chain reaction (PCR) analysis (forward primer, 5′-TGT AGG CTC
CAA AAC CAA GG-3′; reverse primer, 5′-TAT GCC TGT GGA
TCC TGA CA-3′), and verified by backcrossing. Conventional
PCR was used for p62 genotyping (primer pair for wild type,
forward, 5′-CTT ACG GGT CCT TTT CCC AAC-3′; reverse,
5′-TCC TCC TTG CCC AGA AGA TAG-3′; primer for p62 KO,
forward; 5′-CTG CAT GTC TTC TCC CAT GAC-3′; reverse,
5′-TAG ATA CCT AGG TGA GCT CTG-3′). Mice were
transcardially perfused with phosphate-buffered saline. The brain
was removed, and the right hemisphere was fixed with 4% para-
formaldehyde for 48 h. After dehydrating through a graded ethanol
series, the right hemisphere was embedded in paraffin and cut into
4-μm thick sections. The left hemisphere was frozen at −80°C for
subsequent biochemical analyses.

Antibodies and immunohistochemistry

Rabbit antibodies against Keap1 (ProteinTech Group, Inc.,
Chicago, IL, USA), p62 (MBL, Nagoya, Japan), NBR1 (Sigma, St.
Louis, MO, USA and Santa Cruz Biotechnology, Santa Cruz, CA,
USA), NAD(P)H quinone oxidoreductase 1 (NQO1) (Sigma), LC3
(Sigma and MBL), ubiquitin (DAKO, Glostrup, Denmark),
UBQLN1 (Lifespan Biosciences, Seattle, WA, USA),
phosphorylated α-synuclein (Abcam, Cambridge, UK) and β-actin
(Sigma) were used in this study. Mouse antibodies against p62
(BD Biosciences, Franklin Lakes, NJ, USA), SNAP25 (Chemicon,
Temecula, CA, USA), synaptophysin (DAKO), human
α-synuclein (LB509; Zymed, South San Francisco, CA, USA),
human and mouse α-synucleins (4D6; GeneTex, Irvine, CA, USA)
and phosphorylated α-synuclein (pSyn#64; Wako, Osaka, Japan)
were also used.

The sections were dehydrated and pretreated with heat retrieval
using an autoclave for 10 minutes in 10 mM citrate buffer (pH 6.0)
for rabbit anti-Keap1 and anti-NBR1 antibodies. The sections were
then subjected to immunohistochemical processing using the
avidin-biotin-peroxidase complex method with diaminobenzidine
(Sigma). In addition, the sections were counterstained with
hematoxylin. For the staining of presynaptic PK-resistant
α-synuclein, sections were pretreated with PK (Gibco BRL,
Gaithersburg, MD, USA; 50 μg/mL) in a PK buffer containing
10 mM Tris-HCl, pH 7.8, 100 mM NaCl, 0.1% Nonidet-P40 at
37°C for 5 minutes. The total number of inclusions immunostained
with anti-phosphorylated α-synuclein was quantified in contigu-
ous sections. Immunohistochemical studies were performed at 9
weeks of age (n = 6 per group).

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from the right hemisphere of the brain
using the RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany)
at 9 weeks of age (n = 3 per group). cDNA was synthesized from
1 μg of total RNA using the PrimeScript® II first-strand cDNA

synthesis kit (Takara Bio Inc., Otsu, Japan). An aliquot of cDNA
was used for gene expression analysis with the SYBR® Premix Ex
Taq™ II (Perfect Real Time) (Takara Bio Inc.) and CFX Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using
the following primer sets: heme oxygenase-1 (Ho-1) (5′-CCA
GCA ACA AAG TGC AAG ATT C-3′; 5′-TCA CAT GGC ATA
AAG CCC TAC AG-3′), Nqo1 (5′-GTC ATT CTC TGG CCA ATT
CAG AGT-3′; 5′-TTC CAG GAT TTG AAT TCG GG-3′),
glutamate-cysteine ligase catalytic subunit (Gclc) (5′-AAA ATG
CGG AGG CAT CAA-3′; 5′-ATA TGC TGC AGG CTT GGA
AT-3′), p62 (5′-AGC TGC CTT GTA CCC ACA TC-3′; 5′-CAG
AGA AGC CCA TGG ACA G-3′), Cyclophilin A (5-ATG CTG
GAC CCA ACA CAA AT-3′; 5-TCT TTC ACT TTG CCA AAC
ACC-3′), Keap1 (5′-CAC AGC AGC GTG GAG AGA-3′; 5′-CAA
CAT TGG CGC GAC TAG A-3′), Lamp1 (5′-CCT ACG AGA
CTG CGA ATG GT-3′; 5′-CCA CAA GAA CTG CCA TTT TTC-
3′), Cathepsin D (5′-CCC TCC ATT CAT TGC AAG ATA C-3′; 5′-
TGC TGG ACT TGT CAC TGT TGT-3′), transcription factor EB
(TfEB) (5′-GAG CTG GGA ATG CTG ATC C-3′; 5′-GGG ACT
TCT GCA GGT CCT T-3′); Rab7l1 (5′-GCT GCA GCT CTG
GGA TAT TG-3′; 5′-TAG TAG AGT CGT GTC ATG GAT GTG-
3′) and Nbr1 (5′-TCA ACA GGA CTC GCA AAC AG-3′; 5′-ATG
CTG CTC CCA TTG TGG-3′). Cyclophilin A was used for
normalization.

Immunoblot analysis

Western blot analysis was performed as previously described (43).
For total cell lysate, we used a lysis buffer with 4% sodium dodecyl
sulfate (SDS; 75 mM Tris-HCl, pH 6.8, 4% SDS, 25% glycerol,
5% β-mercaptoethanol) and passed sample through 21 gauge
needle attached on a 1 mL syringe. For an experiment using
insoluble sample of detergent, samples were weighted and lysed
with 10-fold volume of Tris-based buffer (pH 7.4) containing 0.1%
Triton X-100 on ice. After homogenization with a pestle 20 times,
they were passed 10 times through 21 gauge needle attached on a
1 mL syringe. Lysates were incubated for 5 minutes on ice, and
centrifuged at 12 000 × g for 10 minutes. Supernatant was used as
a soluble fraction. The pellets were resuspended with 8 M urea and
sonicated (insoluble fraction). Signal detection was performed
according to the protocol provided with the ECL or ECL prime
detection systems (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). We performed each immunoblot analysis a minimum of
three times, and all data were quantified and collected.

Animal behavioral testing

The Morris water maze

Spatial learning was assessed in a round tank of water (0.95 m in
diameter) at 30°C. An escape platform (10 cm in diameter) was
placed 1 cm below the water surface. A camera (Primetech Engi-
neering Corp., Tokyo, Japan) was mounted above the maze and
attached to a computer running the Smart software (Primetech
Engineering Corp.). The training paradigm for the hidden platform
version of the Morris water maze consisted of two trials per day for
five consecutive days. The time taken to reach the platform
(latency to escape) was recorded for each trial. The time limit was
120 s, and the intertrial interval was 1 h. If the animal could not
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find the platform, it was placed on the platform for 20 s. After
removing the platform, the probe trial was carried out 2 h after the
completion of training on the fifth day. The latency to reach the
former location of the platform and the percentage of total time
spent in each quadrant were recorded.

Forced swim test

Immobility time was analyzed using a forced swim test. Animals
were individually placed in a transparent acrylic cylindrical beaker
(height: 25 cm, diameter: 18 cm) containing 4600 mL of clear
water at 25 ± 1°C for 6 minutes. A mouse was judged to be immo-
bile when it remained passively floating in the water for more than
2 s. Immobility time was quantified using a Forced Swim Scan
software (Clever Sys Inc., Reston, VA, USA).

Quantitative analysis and statistical analysis

A semi-quantitative analysis of protein levels was performed using
the ImageJ software provided by the NIH. All data were repre-
sented as the mean + standard deviation. The statistical signifi-
cance was evaluated using one-way analysis of variance (ANOVA)
with Bonferroni’s post hoc test to analyze four genotypes and
Student’s t-test to analyze two genotypes. A probability value of
less than 0.05 (P < 0.05) was considered to be significant.

RESULTS

Characterization of α-synuclein Tg mice with
or without p62

To test the possibility that p62 is responsible for the formation of
cytoplasmic inclusions and abnormal protein accumulation, we
generated mice that overexpressed human α-synuclein (Tg) on a
p62-deficient background (Figure 1A). First, we crossed Tg mice
with p62 KO mice. Next, littermates with or without p62 and/or
human α-synuclein were selected by genotyping and crossed to
generate Tg mice lacking p62. Consequently, littermates with or
without endogenous p62 and/or human α-synuclein expression
were born at the expected Mendelian ratio. For our studies, we
used WT, KO, Tg and Tg/KO mice.

We confirmed that α-synuclein was robustly expressed in the
brains of Tg mice and Tg/KO mice (Figure 1B). We used a human
α-synuclein-specific antibody, LB509, to confirm that human
α-synuclein expression was present only in Tg and Tg/KO mice.
There were no differences in the endogenous and human
α-synuclein levels between the Tg and Tg/KO mice. We also
confirmed that p62 protein levels were diminished in the brains of
KO and Tg/KO mice. Interestingly, the amount of p62 was slightly
higher in Tg mice than it was in WT mice (Figure 1C). An increase
of p62 was also supported by immunohistochemical studies that
showed an increase in p62 immunoreactivity in Tg mice compared
with WT mice (Figure 2A). α-Synuclein expression was mainly
observed in the presynapses in the brains of WT and p62 KO mice;
however, additional staining of α-synuclein was observed in the
cytoplasm and presynapses in the brains of Tg and Tg/KO mice
(Figure 2B). Consistent with previous papers (28, 37), KO mice
exhibited mature-onset obesity. As they aged, Tg/KO mice had a
heavier average body weight than did Tg mice (Figure 1D). The

majority of Tg mice remained healthy until at least 70 weeks of
age. Tg and Tg/KO mice were behaviorally indistinguishable and
displayed lower food intake and activity at the end stage of the
disease.

Tg/KO mice exhibit an increase in
phosphorylated α-synuclein staining and
inclusion number compared with Tg mice

Similar to the human pathological conditions, there are two types
of abnormal α-synuclein in the brains of Tg mice (7, 42), including
phosphorylated α-synuclein (P-syn) and PK-resistant α-synuclein
(PK-syn). Immunohistochemical analyses showed that P-syn is
observed in both Tg/KO and Tg mice (Figure 3A). We compared
the number of P-syn-positive inclusions in the thalamus of Tg and
Tg/KO mice. Quantitative data indicated that the number of inclu-
sions was higher in Tg/KO mice compared with Tg mice
(Figure 3B). Furthermore, the intensity of P-syn staining was
increased in the hippocampus and cerebral cortex of Tg/KO mice
compared with Tg mice (Figure 3C). Unlike human pathological
conditions, p62 was not localized in the cytoplasmic inclusions
in the brains of Tg mice. Immunohistochemical studies
demonstrated that PK treatment abolished normal α-synuclein
immunoreactivity, and PK-syn was found in the presynapses of the
brain of both Tg and Tg/KO mice (Figure 3D). Western blot analy-
sis verified that P-syn signal intensity was higher in Tg/KO than Tg
mice using two kinds of antibodies against P-syn (Figure 3E).
Furthermore, we fractionated samples of Tg and Tg/KO mice by
buffer with 0.1% Triton X-100 detergent, and found that insoluble
P-syn level was increased in Tg/KO compared with Tg mice
(Figure 3F). Thus, p62 deficiency modulates α-synuclein pathol-
ogy with regard to P-syn staining intensity, the number of P-syn
inclusions and solubility.

Behavioral tests revealed a longer immobility
time for p62-deficient mice

Given the presynaptic aggregation of PK-syn in the hippocampus
of Tg and Tg/KO mice, we sought to determine whether memory
function was also affected in these mice. We performed the Morris
water maze test using mice at a younger age (9 weeks old) to
exclude differences in body weight. The average weight was com-
parable between Tg and Tg/KO mice (21.1 g in Tg, 22.0 g in
Tg/KO) at 9 weeks of age. During the training phase of the Morris
water maze test, WT and Tg mice showed a gradual decrease in
escape latency over time; however, KO and Tg/KO mice exhibited
longer escape latencies (Supporting Information Video Clip S1
and S2). When the platform was removed, 80% of WT mice and
70% of Tg mice found the platform location. In contrast, less than
50% of KO and Tg/KO mice found the platform location. KO and
Tg/KO mice took a longer time to reach to the platform location
(Figure 4A) and spent less time in the target quadrant (Figure 4B)
than did WT mice. The lower rate of platform crossing in the KO
mice was due to their immobility (Figure 4C,D), which is consist-
ent with previous results showing that KO mice exhibited immo-
bility during training and probe trials (33). During only the first
minute of a forced swim test, KO mice showed a significantly
increased immobility that lasted longer than 2 s when compared
with WT mice (Figure 4E,F). Thereafter, the time course for
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among littermates to minimize confounding effects by different
genetic backgrounds. Mice were housed with a light/dark cycle of
12 h and were given food and water ad libitum. The experimental
protocol was approved by the Institutional Animal Care and Use
Committee at the Hirosaki University Graduate School of Medi-
cine in Japan. Tg mice were genotyped using real-time polymerase
chain reaction (PCR) analysis (forward primer, 5′-TGT AGG CTC
CAA AAC CAA GG-3′; reverse primer, 5′-TAT GCC TGT GGA
TCC TGA CA-3′), and verified by backcrossing. Conventional
PCR was used for p62 genotyping (primer pair for wild type,
forward, 5′-CTT ACG GGT CCT TTT CCC AAC-3′; reverse,
5′-TCC TCC TTG CCC AGA AGA TAG-3′; primer for p62 KO,
forward; 5′-CTG CAT GTC TTC TCC CAT GAC-3′; reverse,
5′-TAG ATA CCT AGG TGA GCT CTG-3′). Mice were
transcardially perfused with phosphate-buffered saline. The brain
was removed, and the right hemisphere was fixed with 4% para-
formaldehyde for 48 h. After dehydrating through a graded ethanol
series, the right hemisphere was embedded in paraffin and cut into
4-μm thick sections. The left hemisphere was frozen at −80°C for
subsequent biochemical analyses.

Antibodies and immunohistochemistry

Rabbit antibodies against Keap1 (ProteinTech Group, Inc.,
Chicago, IL, USA), p62 (MBL, Nagoya, Japan), NBR1 (Sigma, St.
Louis, MO, USA and Santa Cruz Biotechnology, Santa Cruz, CA,
USA), NAD(P)H quinone oxidoreductase 1 (NQO1) (Sigma), LC3
(Sigma and MBL), ubiquitin (DAKO, Glostrup, Denmark),
UBQLN1 (Lifespan Biosciences, Seattle, WA, USA),
phosphorylated α-synuclein (Abcam, Cambridge, UK) and β-actin
(Sigma) were used in this study. Mouse antibodies against p62
(BD Biosciences, Franklin Lakes, NJ, USA), SNAP25 (Chemicon,
Temecula, CA, USA), synaptophysin (DAKO), human
α-synuclein (LB509; Zymed, South San Francisco, CA, USA),
human and mouse α-synucleins (4D6; GeneTex, Irvine, CA, USA)
and phosphorylated α-synuclein (pSyn#64; Wako, Osaka, Japan)
were also used.

The sections were dehydrated and pretreated with heat retrieval
using an autoclave for 10 minutes in 10 mM citrate buffer (pH 6.0)
for rabbit anti-Keap1 and anti-NBR1 antibodies. The sections were
then subjected to immunohistochemical processing using the
avidin-biotin-peroxidase complex method with diaminobenzidine
(Sigma). In addition, the sections were counterstained with
hematoxylin. For the staining of presynaptic PK-resistant
α-synuclein, sections were pretreated with PK (Gibco BRL,
Gaithersburg, MD, USA; 50 μg/mL) in a PK buffer containing
10 mM Tris-HCl, pH 7.8, 100 mM NaCl, 0.1% Nonidet-P40 at
37°C for 5 minutes. The total number of inclusions immunostained
with anti-phosphorylated α-synuclein was quantified in contigu-
ous sections. Immunohistochemical studies were performed at 9
weeks of age (n = 6 per group).

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from the right hemisphere of the brain
using the RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany)
at 9 weeks of age (n = 3 per group). cDNA was synthesized from
1 μg of total RNA using the PrimeScript® II first-strand cDNA

synthesis kit (Takara Bio Inc., Otsu, Japan). An aliquot of cDNA
was used for gene expression analysis with the SYBR® Premix Ex
Taq™ II (Perfect Real Time) (Takara Bio Inc.) and CFX Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using
the following primer sets: heme oxygenase-1 (Ho-1) (5′-CCA
GCA ACA AAG TGC AAG ATT C-3′; 5′-TCA CAT GGC ATA
AAG CCC TAC AG-3′), Nqo1 (5′-GTC ATT CTC TGG CCA ATT
CAG AGT-3′; 5′-TTC CAG GAT TTG AAT TCG GG-3′),
glutamate-cysteine ligase catalytic subunit (Gclc) (5′-AAA ATG
CGG AGG CAT CAA-3′; 5′-ATA TGC TGC AGG CTT GGA
AT-3′), p62 (5′-AGC TGC CTT GTA CCC ACA TC-3′; 5′-CAG
AGA AGC CCA TGG ACA G-3′), Cyclophilin A (5-ATG CTG
GAC CCA ACA CAA AT-3′; 5-TCT TTC ACT TTG CCA AAC
ACC-3′), Keap1 (5′-CAC AGC AGC GTG GAG AGA-3′; 5′-CAA
CAT TGG CGC GAC TAG A-3′), Lamp1 (5′-CCT ACG AGA
CTG CGA ATG GT-3′; 5′-CCA CAA GAA CTG CCA TTT TTC-
3′), Cathepsin D (5′-CCC TCC ATT CAT TGC AAG ATA C-3′; 5′-
TGC TGG ACT TGT CAC TGT TGT-3′), transcription factor EB
(TfEB) (5′-GAG CTG GGA ATG CTG ATC C-3′; 5′-GGG ACT
TCT GCA GGT CCT T-3′); Rab7l1 (5′-GCT GCA GCT CTG
GGA TAT TG-3′; 5′-TAG TAG AGT CGT GTC ATG GAT GTG-
3′) and Nbr1 (5′-TCA ACA GGA CTC GCA AAC AG-3′; 5′-ATG
CTG CTC CCA TTG TGG-3′). Cyclophilin A was used for
normalization.

Immunoblot analysis

Western blot analysis was performed as previously described (43).
For total cell lysate, we used a lysis buffer with 4% sodium dodecyl
sulfate (SDS; 75 mM Tris-HCl, pH 6.8, 4% SDS, 25% glycerol,
5% β-mercaptoethanol) and passed sample through 21 gauge
needle attached on a 1 mL syringe. For an experiment using
insoluble sample of detergent, samples were weighted and lysed
with 10-fold volume of Tris-based buffer (pH 7.4) containing 0.1%
Triton X-100 on ice. After homogenization with a pestle 20 times,
they were passed 10 times through 21 gauge needle attached on a
1 mL syringe. Lysates were incubated for 5 minutes on ice, and
centrifuged at 12 000 × g for 10 minutes. Supernatant was used as
a soluble fraction. The pellets were resuspended with 8 M urea and
sonicated (insoluble fraction). Signal detection was performed
according to the protocol provided with the ECL or ECL prime
detection systems (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). We performed each immunoblot analysis a minimum of
three times, and all data were quantified and collected.

Animal behavioral testing

The Morris water maze

Spatial learning was assessed in a round tank of water (0.95 m in
diameter) at 30°C. An escape platform (10 cm in diameter) was
placed 1 cm below the water surface. A camera (Primetech Engi-
neering Corp., Tokyo, Japan) was mounted above the maze and
attached to a computer running the Smart software (Primetech
Engineering Corp.). The training paradigm for the hidden platform
version of the Morris water maze consisted of two trials per day for
five consecutive days. The time taken to reach the platform
(latency to escape) was recorded for each trial. The time limit was
120 s, and the intertrial interval was 1 h. If the animal could not
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find the platform, it was placed on the platform for 20 s. After
removing the platform, the probe trial was carried out 2 h after the
completion of training on the fifth day. The latency to reach the
former location of the platform and the percentage of total time
spent in each quadrant were recorded.

Forced swim test

Immobility time was analyzed using a forced swim test. Animals
were individually placed in a transparent acrylic cylindrical beaker
(height: 25 cm, diameter: 18 cm) containing 4600 mL of clear
water at 25 ± 1°C for 6 minutes. A mouse was judged to be immo-
bile when it remained passively floating in the water for more than
2 s. Immobility time was quantified using a Forced Swim Scan
software (Clever Sys Inc., Reston, VA, USA).

Quantitative analysis and statistical analysis

A semi-quantitative analysis of protein levels was performed using
the ImageJ software provided by the NIH. All data were repre-
sented as the mean + standard deviation. The statistical signifi-
cance was evaluated using one-way analysis of variance (ANOVA)
with Bonferroni’s post hoc test to analyze four genotypes and
Student’s t-test to analyze two genotypes. A probability value of
less than 0.05 (P < 0.05) was considered to be significant.

RESULTS

Characterization of α-synuclein Tg mice with
or without p62

To test the possibility that p62 is responsible for the formation of
cytoplasmic inclusions and abnormal protein accumulation, we
generated mice that overexpressed human α-synuclein (Tg) on a
p62-deficient background (Figure 1A). First, we crossed Tg mice
with p62 KO mice. Next, littermates with or without p62 and/or
human α-synuclein were selected by genotyping and crossed to
generate Tg mice lacking p62. Consequently, littermates with or
without endogenous p62 and/or human α-synuclein expression
were born at the expected Mendelian ratio. For our studies, we
used WT, KO, Tg and Tg/KO mice.

We confirmed that α-synuclein was robustly expressed in the
brains of Tg mice and Tg/KO mice (Figure 1B). We used a human
α-synuclein-specific antibody, LB509, to confirm that human
α-synuclein expression was present only in Tg and Tg/KO mice.
There were no differences in the endogenous and human
α-synuclein levels between the Tg and Tg/KO mice. We also
confirmed that p62 protein levels were diminished in the brains of
KO and Tg/KO mice. Interestingly, the amount of p62 was slightly
higher in Tg mice than it was in WT mice (Figure 1C). An increase
of p62 was also supported by immunohistochemical studies that
showed an increase in p62 immunoreactivity in Tg mice compared
with WT mice (Figure 2A). α-Synuclein expression was mainly
observed in the presynapses in the brains of WT and p62 KO mice;
however, additional staining of α-synuclein was observed in the
cytoplasm and presynapses in the brains of Tg and Tg/KO mice
(Figure 2B). Consistent with previous papers (28, 37), KO mice
exhibited mature-onset obesity. As they aged, Tg/KO mice had a
heavier average body weight than did Tg mice (Figure 1D). The

majority of Tg mice remained healthy until at least 70 weeks of
age. Tg and Tg/KO mice were behaviorally indistinguishable and
displayed lower food intake and activity at the end stage of the
disease.

Tg/KO mice exhibit an increase in
phosphorylated α-synuclein staining and
inclusion number compared with Tg mice

Similar to the human pathological conditions, there are two types
of abnormal α-synuclein in the brains of Tg mice (7, 42), including
phosphorylated α-synuclein (P-syn) and PK-resistant α-synuclein
(PK-syn). Immunohistochemical analyses showed that P-syn is
observed in both Tg/KO and Tg mice (Figure 3A). We compared
the number of P-syn-positive inclusions in the thalamus of Tg and
Tg/KO mice. Quantitative data indicated that the number of inclu-
sions was higher in Tg/KO mice compared with Tg mice
(Figure 3B). Furthermore, the intensity of P-syn staining was
increased in the hippocampus and cerebral cortex of Tg/KO mice
compared with Tg mice (Figure 3C). Unlike human pathological
conditions, p62 was not localized in the cytoplasmic inclusions
in the brains of Tg mice. Immunohistochemical studies
demonstrated that PK treatment abolished normal α-synuclein
immunoreactivity, and PK-syn was found in the presynapses of the
brain of both Tg and Tg/KO mice (Figure 3D). Western blot analy-
sis verified that P-syn signal intensity was higher in Tg/KO than Tg
mice using two kinds of antibodies against P-syn (Figure 3E).
Furthermore, we fractionated samples of Tg and Tg/KO mice by
buffer with 0.1% Triton X-100 detergent, and found that insoluble
P-syn level was increased in Tg/KO compared with Tg mice
(Figure 3F). Thus, p62 deficiency modulates α-synuclein pathol-
ogy with regard to P-syn staining intensity, the number of P-syn
inclusions and solubility.

Behavioral tests revealed a longer immobility
time for p62-deficient mice

Given the presynaptic aggregation of PK-syn in the hippocampus
of Tg and Tg/KO mice, we sought to determine whether memory
function was also affected in these mice. We performed the Morris
water maze test using mice at a younger age (9 weeks old) to
exclude differences in body weight. The average weight was com-
parable between Tg and Tg/KO mice (21.1 g in Tg, 22.0 g in
Tg/KO) at 9 weeks of age. During the training phase of the Morris
water maze test, WT and Tg mice showed a gradual decrease in
escape latency over time; however, KO and Tg/KO mice exhibited
longer escape latencies (Supporting Information Video Clip S1
and S2). When the platform was removed, 80% of WT mice and
70% of Tg mice found the platform location. In contrast, less than
50% of KO and Tg/KO mice found the platform location. KO and
Tg/KO mice took a longer time to reach to the platform location
(Figure 4A) and spent less time in the target quadrant (Figure 4B)
than did WT mice. The lower rate of platform crossing in the KO
mice was due to their immobility (Figure 4C,D), which is consist-
ent with previous results showing that KO mice exhibited immo-
bility during training and probe trials (33). During only the first
minute of a forced swim test, KO mice showed a significantly
increased immobility that lasted longer than 2 s when compared
with WT mice (Figure 4E,F). Thereafter, the time course for
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floating behavior (the percentage of immobility) was similar
between groups. There was no significant difference between
Tg/KO and WT mice. These results suggest that p62 plays a role in
maintaining neurological functions, such as stress responses and
motivation to escape.

Increased levels of the functional homologue,
NBR1, in p62 KO and Tg/KO mice

To analyze the molecular mechanisms associated with the loss of
p62 on Tg mice, we performed quantitative RT-PCR analysis using

primers for genes related to the stress response and proteolysis
(Figure 5). Consistent with the genotype results, the p62 mRNA
level was diminished in KO and Tg/KO mice. Keap1 is a binding
partner of p62 and functions as a sensor for noxious stimuli such
as oxidants and electrophiles. The mRNA level of Keap1 appeared
to be different between the four groups; however, the data were not
statistically significant (P = 0.069). Previous papers have reported
that autophagy-deficient mice display a higher expression of
detoxifying enzymes, such as Ho-1, Nqo1 and Gclc (18). There
were no differences in the mRNA levels of these enzymes among
the four groups. Recent evidence indicates that α-synuclein

A

B

Figure 2. p62 and α-synuclein staining in
wild-type (WT), knockout (KO), Tg and Tg/KO
mice. A. Immunohistochemical analysis shows
that p62 immunoreactivity is observed in WT and
Tg mice but not in KO mice (9 weeks of age,
n = 6 per group). Bar = 20 μm. B. Human and
mouse α-synuclein is strongly expressed in the
presynapse and cytoplasm of cortical neurons in
Tg and Tg/KO mice. Bar = 10 μm.
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overexpression causes dynamic changes in the autophagy–
lysosomal system. Therefore, we assessed levels of TfEB, a major
transcriptional regulator for this system (39), lysosomal enzymes
(Lamp1 and cathepsin D), molecules responsible for membrane
trafficking (Rab7l1) and selective autophagy markers (Nbr1).
Among these genes, only the Nbr1 mRNA levels were significantly
different (P < 0.01) between the four groups. Consistent with this

result, the NBR1 protein levels were significantly increased in
mice lacking p62 compared with mice with p62 (P < 0.05)
(Figure 6A,B). Additionally, Keap1 protein levels were also sig-
nificantly different among the four groups at the protein level.
There were no alterations in NQO1, synaptic proteins and
proteolysis-related molecules, such as ubiquitin and LC3, which
are essential to autophagosomal formation (13). Based on the

A
B

C

D

Figure 3. The effect of p62 deficiency on abnormal α-synuclein expres-
sion. A. Cytoplasmic inclusions are positive for phosphorylated
α-synuclein (P-syn) in the thalamus of Tg and Tg/knockout (KO) mice.
Bar = 20 μm. B. A quantitative analysis shows that the number of cyto-
plasmic inclusions is significantly increased in Tg/KO mice when com-
pared with Tg mice (9 weeks of age, n = 6 per group). The groups differed
significantly [analysis of variance (ANOVA), F(3, 11) = 160.81, P < 0.01].
C. P-syn staining is observed in the neurons of the cerebral cortex and
hippocampus in Tg and Tg/KO mice. An increased staining intensity is
observed in Tg/KO mice compared with Tg mice. Bar = 500 μm. D. No

obvious differences in proteinase K-resistant α-synuclein (PK-syn) are
found between Tg and Tg/KO mice. Bar = 250 μm. E. P-syn level is
significantly increased in Tg/KO mice compared with Tg mice. Ratio of
P-syn to β-actin was calculated, and the values of Tg mice are defined as
1.0. The groups differed significantly [ANOVA, F(3, 11) = 147.1, P < 0.01].
F. Triton X-100 soluble and insoluble samples were prepared from Tg and
Tg/KO mice (9 weeks of age, n = 2 per Tg and Tg/KO groups). Insoluble
P-syn level is increased in Tg/KO mice compared with Tg mice. P-syn
levels were normalized by total synuclein, and the values of Tg mice were
defined as 1.0 in a soluble or insoluble sample.
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To analyze the molecular mechanisms associated with the loss of
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to be different between the four groups; however, the data were not
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Among these genes, only the Nbr1 mRNA levels were significantly
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P-syn to β-actin was calculated, and the values of Tg mice are defined as
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increased NBR1 levels in mice lacking p62, we compared the
distribution patterns of p62 and NBR1 in the mouse brain. Inter-
estingly, immunoblotting showed that p62 and NBR1 are similarly
distributed in distinct regions of the mouse brain (Figure 7A,B).
NBR1 was mainly localized in the cytoplasm of neurons, and its
intensity was higher in Tg/KO than in Tg mice (Figure 7C). These
data are consistent with the qRT-PCR and immunoblotting
analyses.

DISCUSSION

p62 is an inducible protein that easily aggregates under pathologi-
cal conditions, such as oxidative stress and disrupted proteolysis,
and it is localized in cytoplasmic inclusions in LBD and other
neurodegenerative diseases, suggesting that p62 contributes to
inclusion formation. Moreover, p62- and ubiquitin-positive inclu-
sions in the neurons of brain-specific Atg7-deficient mice disap-
pear with the loss of p62 (17). Based on these findings, we initially
predicted that p62 deficiency would lead to a decrease in the
number of inclusions in Tg mice that overexpressed α-synuclein.
However, our data suggest that p62 deficiency results in an exag-
geration of α-synuclein pathology with regard to P-syn staining
intensity and inclusion number. Consistent with our findings,
Doi et al demonstrated that a loss of p62 exacerbated neuro-
pathological outcomes (5) in a mouse model of spinal and bulbar
muscular atrophy, which is one of polyglutamine diseases. Our

pathological data showed that the number of P-syn-positive inclu-
sion increased by 1.5-fold in Tg/KO mice compared with Tg mice.
Consistently, this was supported by Western blot analyses showing
that P-syn level was higher in Tg/KO mice than Tg mice using two
kinds of antibodies against P-syn. Considering that increased
P-syn is mainly resistant to detergent of Triton X-100, it is possible
that biochemical property of α-synuclein is altered and leads to
more aggregation in Tg/KO mice. Although it remains controver-
sial whether the formation of cytoplasmic inclusions exerts a ben-
eficial or toxic effect on cells, our findings strengthen the idea that
p62 can modulate α-synuclein aggregation and the pathogenesis of
diseases.

Consistent with previous results (28, 37), a p62 deficiency
resulted in mature-onset obesity in mice. Recent evidence indi-
cates that hyperphagia is the primary cause of obesity in p62-
deficient mice due to the disruption of leptin signaling (9).
Accordingly, p62 is highly expressed in hypothalamic neurons,
including proopiomelanocortin (POMC) neurons in the arcuate
nucleus (3, 9) that are responsible for the control of appetite and
energy intake. Interestingly, lack of autophagic activity in POMC
neurons caused higher post-weaning body weight and p62/
ubiquitin aggregation (4, 32). Furthermore, leptin signaling is also
disrupted in these mice. This may have broad implications for the
pathophysiology of p62 KO mice. Because p62 helps shuttle
insoluble and ubiquitinated proteins into autophagosomes, disrup-
tion of autophagic flux or loss of p62 gives rise to the accumulation

Figure 3. Continued.
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Figure 4. p62-deficient mice exhibit longer escape latencies due to
lower activity. A. The probe trial was completed after 5 days of hidden
platform training in the Morris water maze. Wild type (WT, n = 10), p62
knockout (KO, n = 11), α-synuclein Tg (Tg, n = 9) and α-synuclein mice
lacking p62 (Tg/KO, n = 9) were tested at 9 weeks of age. KO mice take
longer to reach the platform location. The groups differed significantly
[analysis of variance (ANOVA), F(3, 39) = 4.53, P < 0.01]. B. The percent-
age of time spent in the target quadrant (black) during a 60 s probe trial
of the Morris water maze test. KO mice spend less time in the target

quadrant. C. The immobility time of the Morris water maze. Longer
immobility times are evident in KO mice. D. Representative path trac-
ings are shown. Light pink indicates the position of the platform. E. A
forced swim test was performed at 9–10 weeks of age (n = 9–11 per
group) and shows a significant difference in immobility latency, with KO
mice lasting longer than 2 s and WT mice remaining mobile for the first
1 minute. F. KO mice exhibit higher immobility times for the first 6
minutes. The groups differed significantly [ANOVA, F(3, 39) = 2.14,
P < 0.05]. *P < 0.05.
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more aggregation in Tg/KO mice. Although it remains controver-
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eficial or toxic effect on cells, our findings strengthen the idea that
p62 can modulate α-synuclein aggregation and the pathogenesis of
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resulted in mature-onset obesity in mice. Recent evidence indi-
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platform training in the Morris water maze. Wild type (WT, n = 10), p62
knockout (KO, n = 11), α-synuclein Tg (Tg, n = 9) and α-synuclein mice
lacking p62 (Tg/KO, n = 9) were tested at 9 weeks of age. KO mice take
longer to reach the platform location. The groups differed significantly
[analysis of variance (ANOVA), F(3, 39) = 4.53, P < 0.01]. B. The percent-
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P < 0.05]. *P < 0.05.

The influence of p62 on α-synuclein in mice Tanji et al

8 Brain Pathology •• (2014) ••–••

© 2014 International Society of Neuropathology



－  186  －

Figure 5. The effect of p62 deficiency on several kinds of genes. The
mRNA levels of genes related to proteolysis and oxidative stress in the
brains of WT, KO, Tg and TG/KO mice were determined at 9 weeks of
age (n = 3 per group). mRNA was measured by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) using the right hemi-
sphere of the brain. Data are normalized by the Cyclophilin A mRNA
level in each sample, and the average and standard deviation was
calculated. qRT-PCR reveals that there is no significant difference in the

Keap1, glutamate-cysteine ligase catalytic subunit (Gclc), NAD(P)H
quinone oxidoreductase 1 (Nqo1), heme oxygenase-1 (Ho-1), Lamp1,
Cathepsin D, TfEB and Rab7l1 levels among the four groups. In con-
trast, the mRNA level of p62 (P < 0.01) and Nbr1 (P < 0.05) are signifi-
cantly different. The groups differed significantly [analysis of variance,
F(3, 11) = 226.86, P < 0.01 in p62 mRNA, F(3, 11) = 14.15, P < 0.01 in
Nbr1 mRNA]. The WT values are defined as 100%. *P < 0.05,
**P < 0.01.
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Figure 6. The effect of p62 deficiency on molecules related to
proteolysis, oxidative stress and the synapse. A. Expression of Keap1
and NBR1 is significantly increased in Tg/KO mice compared with Tg
mice. NAD(P)H quinone oxidoreductase 1 (NQO1), LC3, ubiquitin,
synaptophysin and SNAP25 levels are not significantly different
between the four groups (9 weeks of age, n = 6 per group). B. A

quantitative analysis indicates that the Keap1 and NBR1 levels are
significantly increased in p62-deficient mice compared with mice with
p62. The Tg values are defined as 100%. *P < 0.05, **P < 0.01. The
groups differed significantly [analysis of variance, F(3, 11) = 7.44,
P = 0.011 in Keap1, F(3, 11) = 4.27, P = 0.045 in NBR1].
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synaptophysin and SNAP25 levels are not significantly different
between the four groups (9 weeks of age, n = 6 per group). B. A

quantitative analysis indicates that the Keap1 and NBR1 levels are
significantly increased in p62-deficient mice compared with mice with
p62. The Tg values are defined as 100%. *P < 0.05, **P < 0.01. The
groups differed significantly [analysis of variance, F(3, 11) = 7.44,
P = 0.011 in Keap1, F(3, 11) = 4.27, P = 0.045 in NBR1].
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of p62 target molecules. Accordingly, we revealed that P-syn level
is increased in Triton X-100 insoluble fraction of Tg/KO mice
compared with Tg mice. Thus, p62 dysfunction observed in
autophagy-deficient POMC neurons or p62 KO mice might also
affect intercellular environment through disturbance of p62
binding partners or substrates. One of p62 binding partners is
known to be dopamine receptor (15). Because dopamine is widely
involved in physiological conditions such as mood, cognition and
motor control, it is possible that p62 modulates dopamine system,
and p62 dysfunction may cause pathogenesis of PD.

Our immunoblot results confirmed that the hypothalamus is one
of the regions with the highest p62 expression level. The hypo-
thalamus is known to regulate various physiological functions,
particularly the hypothalamus-pituitary-adrenal axis, which coor-
dinates emotional, neuroendocrine and autonomic inputs in
response to stress. Regarding behavioral abnormalities, we could
not distinguish Tg mice from Tg/KO mice; however, p62-deficient
mice exhibited less activity and depression-like behavior in the
Morris water maze and forced swim test. This is consistent with
previous results (33). It is conceivable that p62 deficiency affects
the hypothalamus-pituitary-adrenal axis, leading to behavioral
abnormalities in response to stress. The immobility rate of Tg/KO
mice was comparable with that of normal control mice. Consider-
ing previous reports that mice overexpressing α-synuclein are
hyperactive (8, 30, 44), we speculate that the degree of immobility
in Tg/KO mice is recovered because of the hyperactivity of Tg
mice. Taken together, p62 plays an important role in modulating
multiple physiological responses, including nutritional, oxidative
and water stressors.

We screened multiple protein and mRNA levels to study the
molecular mechanisms associated with the loss of p62 in Tg
mice. We found that NBR1 was significantly increased in Tg/KO
mice compared with Tg mice at both the mRNA and protein
levels. p62 and NBR1 contain an N-terminal PB1 domain, an
intermediate LC3 binding region, and a C-terminal UBA
domain, and they function as cargo adapters for the autophagic
degradation of ubiquitinated substrates (10, 12, 29). Intriguingly,
our immunoblotting results suggest that these molecules are
similarly distributed in distinct regions of the mouse brain. This
spatial pattern and functional similarity raise the possibility that
NBR1 levels can be up-regulated to compensate for the loss of
p62 protein. Therefore, the functional redundancy of NBR1 may
mask the anticipated abnormalities of p62-deficient mice.

In conclusion, we have provided evidence that p62 is unneces-
sary for the formation of inclusions in an animal model that
overexpresses α-synuclein. In addition, p62 deficiency enhanced
α-synuclein pathology based on the number of inclusions and
staining intensity of P-syn. In support of this finding, it is likely
that p62 indirectly helps sequester abnormal molecules through its
own oligomerization (35). Further analyses at the molecular level
suggest that NBR1 plays a compensatory role for p62 in the central
nervous system. NBR1 and p62 double KO mice would be a useful
tool to test this hypothesis.
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Figure 7. The spatial patterns of p62 and NBR1 in the mouse brain. A.
Equal amounts of homogenates from the indicated regions were
analyzed by immunoblotting (12 weeks of age, n = 2 in wild-type mice).
Antibodies against NBR1 (upper) or p62 (bottom) were used to detect
endogenous proteins. NBR1 is mainly expressed in the olfactory bulb,
temporal and occipital cortices, striatum, thalamus and hypothalamus.
The highest expression of p62 is observed in the olfactory bulb,
striatum, temporal and occipital cortices, hippocampus, thalamus, hypo-
thalamus and medulla oblongata. β-Actin is used as a loading control. B.
Distribution patterns of NBR1 and p62 in the sagittal section of mice
brains. NBR1 or p62 levels are normalized by β-actin. The circles repre-
sent the size of the expression level. C. NBR1 immunostaining in Tg and
Tg/KO mice (9 weeks of age, n = 6 per group). NBR1 immunoreactivity
is mainly detected in neurons of the thalamus of both Tg and Tg/KO
mice. Note the increased intensity of NBR1 immunoreactivity in Tg/KO
mice compared with Tg mice. Bar = 30 μm.
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of p62 target molecules. Accordingly, we revealed that P-syn level
is increased in Triton X-100 insoluble fraction of Tg/KO mice
compared with Tg mice. Thus, p62 dysfunction observed in
autophagy-deficient POMC neurons or p62 KO mice might also
affect intercellular environment through disturbance of p62
binding partners or substrates. One of p62 binding partners is
known to be dopamine receptor (15). Because dopamine is widely
involved in physiological conditions such as mood, cognition and
motor control, it is possible that p62 modulates dopamine system,
and p62 dysfunction may cause pathogenesis of PD.

Our immunoblot results confirmed that the hypothalamus is one
of the regions with the highest p62 expression level. The hypo-
thalamus is known to regulate various physiological functions,
particularly the hypothalamus-pituitary-adrenal axis, which coor-
dinates emotional, neuroendocrine and autonomic inputs in
response to stress. Regarding behavioral abnormalities, we could
not distinguish Tg mice from Tg/KO mice; however, p62-deficient
mice exhibited less activity and depression-like behavior in the
Morris water maze and forced swim test. This is consistent with
previous results (33). It is conceivable that p62 deficiency affects
the hypothalamus-pituitary-adrenal axis, leading to behavioral
abnormalities in response to stress. The immobility rate of Tg/KO
mice was comparable with that of normal control mice. Consider-
ing previous reports that mice overexpressing α-synuclein are
hyperactive (8, 30, 44), we speculate that the degree of immobility
in Tg/KO mice is recovered because of the hyperactivity of Tg
mice. Taken together, p62 plays an important role in modulating
multiple physiological responses, including nutritional, oxidative
and water stressors.

We screened multiple protein and mRNA levels to study the
molecular mechanisms associated with the loss of p62 in Tg
mice. We found that NBR1 was significantly increased in Tg/KO
mice compared with Tg mice at both the mRNA and protein
levels. p62 and NBR1 contain an N-terminal PB1 domain, an
intermediate LC3 binding region, and a C-terminal UBA
domain, and they function as cargo adapters for the autophagic
degradation of ubiquitinated substrates (10, 12, 29). Intriguingly,
our immunoblotting results suggest that these molecules are
similarly distributed in distinct regions of the mouse brain. This
spatial pattern and functional similarity raise the possibility that
NBR1 levels can be up-regulated to compensate for the loss of
p62 protein. Therefore, the functional redundancy of NBR1 may
mask the anticipated abnormalities of p62-deficient mice.

In conclusion, we have provided evidence that p62 is unneces-
sary for the formation of inclusions in an animal model that
overexpresses α-synuclein. In addition, p62 deficiency enhanced
α-synuclein pathology based on the number of inclusions and
staining intensity of P-syn. In support of this finding, it is likely
that p62 indirectly helps sequester abnormal molecules through its
own oligomerization (35). Further analyses at the molecular level
suggest that NBR1 plays a compensatory role for p62 in the central
nervous system. NBR1 and p62 double KO mice would be a useful
tool to test this hypothesis.
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Figure 7. The spatial patterns of p62 and NBR1 in the mouse brain. A.
Equal amounts of homogenates from the indicated regions were
analyzed by immunoblotting (12 weeks of age, n = 2 in wild-type mice).
Antibodies against NBR1 (upper) or p62 (bottom) were used to detect
endogenous proteins. NBR1 is mainly expressed in the olfactory bulb,
temporal and occipital cortices, striatum, thalamus and hypothalamus.
The highest expression of p62 is observed in the olfactory bulb,
striatum, temporal and occipital cortices, hippocampus, thalamus, hypo-
thalamus and medulla oblongata. β-Actin is used as a loading control. B.
Distribution patterns of NBR1 and p62 in the sagittal section of mice
brains. NBR1 or p62 levels are normalized by β-actin. The circles repre-
sent the size of the expression level. C. NBR1 immunostaining in Tg and
Tg/KO mice (9 weeks of age, n = 6 per group). NBR1 immunoreactivity
is mainly detected in neurons of the thalamus of both Tg and Tg/KO
mice. Note the increased intensity of NBR1 immunoreactivity in Tg/KO
mice compared with Tg mice. Bar = 30 μm.
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Abstract

Background: The histological hallmark of multiple system atrophy (MSA) is the presence of filamentous aggregations
of phosphorylated α-synuclein in oligodendrocytes, referred to as glial cytoplasmic inclusions (GCIs). Although GCIs can
occur widely in the central nervous system, accumulation of phosphorylated α-synuclein in Schwann cells has not been
reported in MSA. We immunohistochemically examined the cranial and spinal nerves, peripheral ganglia and visceral
autonomic nervous system of patients with MSA (n = 14) and control subjects (n = 20).

Results: In MSA, accumulation of phosphorylated α-synuclein was found in the cytoplasm of Schwann cells. These
Schwann cell cytoplasmic inclusions (SCCIs) were also immunopositive for ubiquitin and p62. SCCIs were found in 12 of 14
patients with MSA (85.7 %). They were most frequent in the anterior nerve of the sacral cord and, to a lesser extent, in
the cranial nerves (oculomotor, glossopharyngeal-vagus and hypoglossal nerves), and spinal and sympathetic ganglia.
SCCIs were rarely found in the visceral organs. Immunoelectron microscopy demonstrated that the SCCIs consisted of
abnormal filaments, 15–20 nm in diameter. No such inclusions were found in controls.

Conclusion: The present findings indicate that Schwann cells are also involved in the disease process of MSA.
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Introduction
Multiple system atrophy (MSA) is an adult-onset neuro-
degenerative disorder manifested clinically as a combin-
ation of parkinsonism, cerebellar ataxia and autonomic
dysfunction. MSA is now divided into two clinical
subtypes: MSA with predominant parkinsonian features
(MSA-P) and MSA with predominant cerebellar dysfunc-
tion (MSA-C) [1]. MSA is characterized pathologically by
any combination of coexisting olivopontocerebellar atro-
phy, striatonigral degeneration and preganglionic

autonomic lesions [2]. The histological hallmark of MSA
is widespread glial cytoplasmic inclusions (GCIs) in the
central nervous system [3–6]. These GCIs can be visual-
ized by silver staining such as the Gallyas-Braak method
[3], and ultrastructurally they consist of granule-
associated filaments 20–30 nm in diameter [3, 4, 7]. The
major component of GCIs is α-synuclein [8], which is
phosphorylated at Serine 129 [9] and ubiquitinated [10].
Although primary oligodendroglial pathology is the
main feature of MSA [11–13], accumulation of phos-
phorylated α-synuclein is also consistently found in the
neuronal cytoplasm, processes and nuclei [14]. Similar
neuronal inclusions are found less frequently in the
peripheral sympathetic ganglia [13, 15].

* Correspondence: neuropal@hirosaki-u.ac.jp
1Department of Neuropathology, Institute of Brain Science, Hirosaki
University Graduate School of Medicine, 5 Zaifu-cho, Hirosaki 036-8562,
Japan
Full list of author information is available at the end of the article

© 2015 Nakamura et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

Nakamura et al. Acta Neuropathologica Communications  (2015) 3:29 
DOI 10.1186/s40478-015-0208-0



－  191  －

31. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra
A et al (1997) Mutation in the alpha-synuclein gene identified in
families with Parkinson’s disease. Science 276:2045–2047.

32. Quan W, Kim HK, Moon EY, Kim SS, Choi CS, Komatsu M et al
(2012) Role of hypothalamic proopiomelanocortin neuron
autophagy in the control of appetite and leptin response.
Endocrinology 153:1817–1826.

33. Ramesh Babu J, Lamar Seibenhener M, Peng J, Strom AL,
Kemppainen R, Cox N et al (2008) Genetic inactivation of p62
leads to accumulation of hyperphosphorylated tau and
neurodegeneration. J Neurochem 106:107–120.

34. Richfield EK, Thiruchelvam MJ, Cory-Slechta DA, Wuertzer C,
Gainetdinov RR, Caron MG et al (2002) Behavioral and
neurochemical effects of wild-type and mutated human
alpha-synuclein in transgenic mice. Exp Neurol 175:35–48.

35. Riley BE, Kaiser SE, Shaler TA, Ng AC, Hara T, Hipp MS et al
(2010) Ubiquitin accumulation in autophagy-deficient mice is
dependent on the Nrf2-mediated stress response pathway: a potential
role for protein aggregation in autophagic substrate selection. J Cell
Biol 191:537–552.

36. Rockenstein E, Mallory M, Hashimoto M, Song D, Shults CW,
Lang I, Masliah E (2002) Differential neuropathological alterations
in transgenic mice expressing alpha-synuclein from the platelet-
derived growth factor and Thy-1 promoters. J Neurosci Res
68:568–578.

37. Rodriguez A, Duran A, Selloum M, Champy MF, Diez-Guerra FJ,
Flores JM et al (2006) Mature-onset obesity and insulin resistance
in mice deficient in the signaling adapter p62. Cell Metab
3:211–222.

38. Seibenhener ML, Babu JR, Geetha T, Wong HC, Krishna NR,
Wooten MW (2004) Sequestosome 1/p62 is a polyubiquitin chain
binding protein involved in ubiquitin proteasome degradation. Mol
Cell Biol 24:8055–8068.

39. Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F,
Erdin S et al (2011) TFEB links autophagy to lysosomal biogenesis.
Science 332:1429–1433.

40. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S,
Kachergus J et al (2003) alpha-Synuclein locus triplication causes
Parkinson’s disease. Science 302:841.

41. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R,
Goedert M (1997) Alpha-synuclein in Lewy bodies. Nature
388:839–840.

42. Tanji K, Mori F, Mimura J, Itoh K, Kakita A, Takahashi H,
Wakabayashi K (2010) Proteinase K-resistant alpha-synuclein is
deposited in presynapses in human Lewy body disease and
A53T alpha-synuclein transgenic mice. Acta Neuropathol
120:145–154.

43. Tanji K, Zhang HX, Mori F, Kakita A, Takahashi H, Wakabayashi
K (2012) p62/sequestosome 1 binds to TDP-43 in brains with
frontotemporal lobar degeneration with TDP-43 inclusions.
J Neurosci Res 90:2034–2042.

44. Unger EL, Eve DJ, Perez XA, Reichenbach DK, Xu Y, Lee MK,
Andrews AM (2006) Locomotor hyperactivity and alterations in
dopamine neurotransmission are associated with overexpression of
A53T mutant human alpha-synuclein in mice. Neurobiol Dis
21:431–443.

45. van der Putten H, Wiederhold KH, Probst A, Barbieri S, Mistl C,
Danner S et al (2000) Neuropathology in mice expressing human
alpha-synuclein. J Neurosci 20:6021–6029.

46. Webb JL, Ravikumar B, Atkins J, Skepper JN, Rubinsztein DC
(2003) Alpha-Synuclein is degraded by both autophagy and the
proteasome. J Biol Chem 278:25009–25013.

47. Winder-Rhodes SE, Garcia-Reitbock P, Ban M, Evans JR, Jacques
TS, Kemppinen A et al (2012) Genetic and pathological links
between Parkinson’s disease and the lysosomal disorder Sanfilippo
syndrome. Mov Disord 27:312–315.

48. Wooten MW, Geetha T, Babu JR, Seibenhener ML, Peng J, Cox N
et al (2008) Essential role of sequestosome 1/p62 in regulating
accumulation of Lys63-ubiquitinated proteins. J Biol Chem
283:6783–6789.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Video Clip S1. The Morris water maze test. A wild-type mouse
successfully reaches the platform within 30 s on the fourth day of
training course.
Video Clip S2. The Morris water maze test. A p62-knockout
mouse does not take an action within 60 s, and end up failing on
the fourth day of training course.

Tanji et al The influence of p62 on α-synuclein in mice

13Brain Pathology •• (2014) ••–••

© 2014 International Society of Neuropathology

RESEARCH Open Access

Filamentous aggregations of phosphorylated
α-synuclein in Schwann cells (Schwann cell
cytoplasmic inclusions) in multiple system
atrophy
Keiko Nakamura1,2, Fumiaki Mori1*, Tomoya Kon3, Kunikazu Tanji1, Yasuo Miki1, Masahiko Tomiyama3,
Hidekachi Kurotaki4, Yasuko Toyoshima5, Akiyoshi Kakita6, Hitoshi Takahashi5, Masahito Yamada2

and Koichi Wakabayashi1

Abstract

Background: The histological hallmark of multiple system atrophy (MSA) is the presence of filamentous aggregations
of phosphorylated α-synuclein in oligodendrocytes, referred to as glial cytoplasmic inclusions (GCIs). Although GCIs can
occur widely in the central nervous system, accumulation of phosphorylated α-synuclein in Schwann cells has not been
reported in MSA. We immunohistochemically examined the cranial and spinal nerves, peripheral ganglia and visceral
autonomic nervous system of patients with MSA (n = 14) and control subjects (n = 20).

Results: In MSA, accumulation of phosphorylated α-synuclein was found in the cytoplasm of Schwann cells. These
Schwann cell cytoplasmic inclusions (SCCIs) were also immunopositive for ubiquitin and p62. SCCIs were found in 12 of 14
patients with MSA (85.7 %). They were most frequent in the anterior nerve of the sacral cord and, to a lesser extent, in
the cranial nerves (oculomotor, glossopharyngeal-vagus and hypoglossal nerves), and spinal and sympathetic ganglia.
SCCIs were rarely found in the visceral organs. Immunoelectron microscopy demonstrated that the SCCIs consisted of
abnormal filaments, 15–20 nm in diameter. No such inclusions were found in controls.

Conclusion: The present findings indicate that Schwann cells are also involved in the disease process of MSA.
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Introduction
Multiple system atrophy (MSA) is an adult-onset neuro-
degenerative disorder manifested clinically as a combin-
ation of parkinsonism, cerebellar ataxia and autonomic
dysfunction. MSA is now divided into two clinical
subtypes: MSA with predominant parkinsonian features
(MSA-P) and MSA with predominant cerebellar dysfunc-
tion (MSA-C) [1]. MSA is characterized pathologically by
any combination of coexisting olivopontocerebellar atro-
phy, striatonigral degeneration and preganglionic

autonomic lesions [2]. The histological hallmark of MSA
is widespread glial cytoplasmic inclusions (GCIs) in the
central nervous system [3–6]. These GCIs can be visual-
ized by silver staining such as the Gallyas-Braak method
[3], and ultrastructurally they consist of granule-
associated filaments 20–30 nm in diameter [3, 4, 7]. The
major component of GCIs is α-synuclein [8], which is
phosphorylated at Serine 129 [9] and ubiquitinated [10].
Although primary oligodendroglial pathology is the
main feature of MSA [11–13], accumulation of phos-
phorylated α-synuclein is also consistently found in the
neuronal cytoplasm, processes and nuclei [14]. Similar
neuronal inclusions are found less frequently in the
peripheral sympathetic ganglia [13, 15].
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Although immunoreactivity of non-phosphorylated
α-synuclein has been reported in normal and neoplas-
tic Schwann cells in the peripheral nervous system of
humans [16], accumulation of phosphorylated α-synuclein
in Schwann cells of patients with MSA has not been
described hitherto. Here we immunohistochemically
examined the cranial and spinal nerves, peripheral ganglia
and visceral autonomic nervous system of patients
with MSA using antibodies against phosphorylated
α-synuclein, and report for the first time that
Schwann cells in these patients are also affected by fila-
mentous aggregations of phosphorylated α-synuclein.

Materials and methods
Subjects
Thirty-four autopsy cases were included in this study. Four-
teen of the patients (age 49–79 years, average = 64.6 years)
had a clinical history of MSA, which was confirmed at aut-
opsy by the presence of numerous GCIs (Table 1). All of
the MSA cases lacked Lewy body pathology. The clin-
ical and neuropathological features of early MSA (cases
2 and 12) have been reported previously [17, 18].
Twenty patients used as controls (age 40–84 years,
average = 70.0 years) were clinically and histopatho-
logically free of neurodegenerative disease. This study
was approved by the Institutional Ethics Committee of
Hirosaki University Graduate School of Medicine.

Immunohistochemistry
Immunohistochemical analysis was carried out using
formalin-fixed, paraffin-embedded, 4-μm-thick sections
from the midbrain, upper pons, medulla oblongata,
spinal cord (cervical, thoracic, lumbar and sacral seg-
ments), and dorsal root and paravertebral sympathetic
ganglia. Oculomotor and trigeminal nerves were exam-
ined at the level of the midbrain and upper pons,
respectively. Glossopharyngeal and vagus nerves were
examined at the level of the dorsal vagal nucleus. Since
it was difficult to differentiate glossopharyngeal nerve
from vagus nerve on the sections, these two nerves were
described as a whole. Hypoglossal nerves were examined
at the level of the gracile nucleus. Paraffin sections were
also cut from block samples of the esophagus, stomach,
small intestine, colon, heart, lung, thyroid, liver,
pancreas, kidney, adrenal gland and urinary bladder. The
sections were subjected to immunohistochemical pro-
cessing using the avidin-biotin-peroxidase complex
method with diaminobenzidine as the chromogen. The
primary antibodies used were mouse monoclonal anti-
bodies against phosphorylated α-synuclein (#64; Wako,
Osaka, Japan; 1:5,000), aggregated α-synuclein (5G4; EMD
Millipore, Temecula, CA, USA; 1:1,000) [19] and ubiquitin
(1B3; MBL, Nagoya, Japan; 1:2,000), rabbit monoclonal
antibody against phosphorylated α-synuclein (EP1536Y;

Abcam, Cambridge, UK; 1:5,000), and rabbit polyclonal
antibody against p62 (MBL; 1:1,000). #64 is a monoclonal
antibody against a synthetic peptide corresponding to
amino acid residues 124–134 of human α-synuclein with
a phosphorylated Serine 129 residue. EP1536Y is also a
monoclonal antibody against a synthetic peptide corre-
sponding to residues surrounding phosphorylated Serine
129 of human α-synuclein.
In addition to routine immunohistochemical tech-

niques, selected sections from the spinal cord of MSA pa-
tients were first stained using the modified Gallyas-Braak
method [20]. The spinal nerve roots were observed under
a ×40 objective lens. After removing the cover glasses
from the slides using xylene, the specimens were decol-
orized in alcohol, then immunostained with anti-
phosphorylated α-synuclein (Wako; 1:5,000). The spinal
nerve roots were then observed again under a ×40
objective lens.
Semiquantitative assessment of inclusions in Schwann

cells was performed in each region by anti-phosphorylated
α-synuclein immunolabeling. The numbers of inclusions
were estimated as: −, none; +, 1 to 5 inclusions; ++, >5
inclusions.

Double immunostaining
To characterize the inclusion-bearing cells, anti-S-100
was used as a marker of Schwann cells [21], anti-tubulin
polymerization promoting protein (TPPP)/p25α as a
marker of oligodendroglia [22], and anti-phosphorylated
neurofilament as a marker of axons [23]. TPPP/p25α is
also known to be a component of GCIs in MSA [24].
Double immunofluorescence analysis was also per-
formed to detect overlapping expression of phosphory-
lated α-synuclein and ubiquitin. Paraffin sections from
the spinal cord of patients with MSA (n = 3) were proc-
essed for double-label immunofluorescence. Deparaffi-
nized sections were blocked with donkey serum and
then incubated overnight at 4 °C with a mixture of the
monoclonal anti-phosphorylated α-synuclein (Wako;
1:500) and polyclonal anti-S-100 (DAKO, Tokyo, Japan;
1:500), anti-TPPP/p25α (Sigma-Aldrich Japan, Tokyo,
Japan; 1:500) or anti-ubiquitin (DAKO; 1:200), or a
mixture of the mouse monoclonal anti-phosphorylated
neurofilament (SMI31; Cosmo Bio, Tokyo, Japan; 1:500)
and rabbit monoclonal anti-phosphorylated α-synuclein
(Abcam; 1:500). The sections were then rinsed and incu-
bated for 1 h at 38 °C with anti-rabbit IgG tagged with
Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA; 1:200)
and anti-mouse IgG tagged with Alexa Fluor 594 (Invi-
trogen; 1:200), or anti-rabbit IgG tagged with Alexa
Fluor 594 (Invitrogen; 1:200) and anti-mouse IgG tagged
with Alexa Fluor 488 (Invitrogen; 1:200). The sections
were examined using an Olympus BX63 fluorescence
microscope (Olympus, Tokyo, Japan).
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Although immunoreactivity of non-phosphorylated
α-synuclein has been reported in normal and neoplas-
tic Schwann cells in the peripheral nervous system of
humans [16], accumulation of phosphorylated α-synuclein
in Schwann cells of patients with MSA has not been
described hitherto. Here we immunohistochemically
examined the cranial and spinal nerves, peripheral ganglia
and visceral autonomic nervous system of patients
with MSA using antibodies against phosphorylated
α-synuclein, and report for the first time that
Schwann cells in these patients are also affected by fila-
mentous aggregations of phosphorylated α-synuclein.

Materials and methods
Subjects
Thirty-four autopsy cases were included in this study. Four-
teen of the patients (age 49–79 years, average = 64.6 years)
had a clinical history of MSA, which was confirmed at aut-
opsy by the presence of numerous GCIs (Table 1). All of
the MSA cases lacked Lewy body pathology. The clin-
ical and neuropathological features of early MSA (cases
2 and 12) have been reported previously [17, 18].
Twenty patients used as controls (age 40–84 years,
average = 70.0 years) were clinically and histopatho-
logically free of neurodegenerative disease. This study
was approved by the Institutional Ethics Committee of
Hirosaki University Graduate School of Medicine.

Immunohistochemistry
Immunohistochemical analysis was carried out using
formalin-fixed, paraffin-embedded, 4-μm-thick sections
from the midbrain, upper pons, medulla oblongata,
spinal cord (cervical, thoracic, lumbar and sacral seg-
ments), and dorsal root and paravertebral sympathetic
ganglia. Oculomotor and trigeminal nerves were exam-
ined at the level of the midbrain and upper pons,
respectively. Glossopharyngeal and vagus nerves were
examined at the level of the dorsal vagal nucleus. Since
it was difficult to differentiate glossopharyngeal nerve
from vagus nerve on the sections, these two nerves were
described as a whole. Hypoglossal nerves were examined
at the level of the gracile nucleus. Paraffin sections were
also cut from block samples of the esophagus, stomach,
small intestine, colon, heart, lung, thyroid, liver,
pancreas, kidney, adrenal gland and urinary bladder. The
sections were subjected to immunohistochemical pro-
cessing using the avidin-biotin-peroxidase complex
method with diaminobenzidine as the chromogen. The
primary antibodies used were mouse monoclonal anti-
bodies against phosphorylated α-synuclein (#64; Wako,
Osaka, Japan; 1:5,000), aggregated α-synuclein (5G4; EMD
Millipore, Temecula, CA, USA; 1:1,000) [19] and ubiquitin
(1B3; MBL, Nagoya, Japan; 1:2,000), rabbit monoclonal
antibody against phosphorylated α-synuclein (EP1536Y;

Abcam, Cambridge, UK; 1:5,000), and rabbit polyclonal
antibody against p62 (MBL; 1:1,000). #64 is a monoclonal
antibody against a synthetic peptide corresponding to
amino acid residues 124–134 of human α-synuclein with
a phosphorylated Serine 129 residue. EP1536Y is also a
monoclonal antibody against a synthetic peptide corre-
sponding to residues surrounding phosphorylated Serine
129 of human α-synuclein.
In addition to routine immunohistochemical tech-

niques, selected sections from the spinal cord of MSA pa-
tients were first stained using the modified Gallyas-Braak
method [20]. The spinal nerve roots were observed under
a ×40 objective lens. After removing the cover glasses
from the slides using xylene, the specimens were decol-
orized in alcohol, then immunostained with anti-
phosphorylated α-synuclein (Wako; 1:5,000). The spinal
nerve roots were then observed again under a ×40
objective lens.
Semiquantitative assessment of inclusions in Schwann

cells was performed in each region by anti-phosphorylated
α-synuclein immunolabeling. The numbers of inclusions
were estimated as: −, none; +, 1 to 5 inclusions; ++, >5
inclusions.

Double immunostaining
To characterize the inclusion-bearing cells, anti-S-100
was used as a marker of Schwann cells [21], anti-tubulin
polymerization promoting protein (TPPP)/p25α as a
marker of oligodendroglia [22], and anti-phosphorylated
neurofilament as a marker of axons [23]. TPPP/p25α is
also known to be a component of GCIs in MSA [24].
Double immunofluorescence analysis was also per-
formed to detect overlapping expression of phosphory-
lated α-synuclein and ubiquitin. Paraffin sections from
the spinal cord of patients with MSA (n = 3) were proc-
essed for double-label immunofluorescence. Deparaffi-
nized sections were blocked with donkey serum and
then incubated overnight at 4 °C with a mixture of the
monoclonal anti-phosphorylated α-synuclein (Wako;
1:500) and polyclonal anti-S-100 (DAKO, Tokyo, Japan;
1:500), anti-TPPP/p25α (Sigma-Aldrich Japan, Tokyo,
Japan; 1:500) or anti-ubiquitin (DAKO; 1:200), or a
mixture of the mouse monoclonal anti-phosphorylated
neurofilament (SMI31; Cosmo Bio, Tokyo, Japan; 1:500)
and rabbit monoclonal anti-phosphorylated α-synuclein
(Abcam; 1:500). The sections were then rinsed and incu-
bated for 1 h at 38 °C with anti-rabbit IgG tagged with
Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA; 1:200)
and anti-mouse IgG tagged with Alexa Fluor 594 (Invi-
trogen; 1:200), or anti-rabbit IgG tagged with Alexa
Fluor 594 (Invitrogen; 1:200) and anti-mouse IgG tagged
with Alexa Fluor 488 (Invitrogen; 1:200). The sections
were examined using an Olympus BX63 fluorescence
microscope (Olympus, Tokyo, Japan).
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Immunoelectron microscopy
The anterior spinal nerve roots from a case of MSA
(case 1) were processed for immunoelectron micros-
copy. Fifty-micrometer-thick vibratome sections were
cut from the formalin-fixed tissue. The sections were in-
cubated with a rabbit monoclonal anti-phosphorylated
α-synuclein antibody (Abcam; 1:500), followed by incu-
bation with a biotinylated secondary anti-rabbit IgG
(Vector, Burlingame, CA, USA; 1:200) and avidin-
biotin-peroxidase complex (Vector; 1:200), and the
reaction was developed with diaminobenzidine. The
immunolabeled sections were post-fixed in 1 % glutaral-
dehyde and 1 % osmium tetroxide, dehydrated in etha-
nol, and then embedded in Poly/Bed 812 resin
(Polysciences, Inc., Warrington, PA, USA). Ultrathin
sections were cut and viewed with a JEOL1230 electron
microscope (JEOL Ltd., Tokyo, Japan).

Results
Morphology and immunohistochemical features
Immunostaining with anti-phosphorylated and anti-
aggregated α-synuclein antibodies as well as the modified
Gallyas-Braak method demonstrated widespread occur-
rence of GCIs throughout the brain and spinal cord of pa-
tients with MSA, but not in control subjects. The
immunostaining with two monoclonal anti-phosphorylated
α-synuclein antibodies and a monoclonal anti-aggregated
α-synuclein antibody revealed Schwann cell cytoplasmic in-
clusions (SCCIs) in the cranial and spinal nerves, peripheral
ganglia and visceral autonomic nervous system of MSA pa-
tients (Fig. 1a–q). They appeared crescent-shaped, coil-like,
or cigar-shaped (Fig. 1d–f). The SCCIs enveloped the axons
(Fig. 1g) and extended their processes from the cytoplasm
to the axons (Fig. 1h, i). Similar inclusions were detected
with anti-ubiquitin and anti-p62 antibodies (Fig. 1r, s). The
inclusions could not be visualized with hematoxylin and
eosin, Klüver-Barrera or Bodian’s method. GCIs appeared
argyrophilic with the modified Gallyas-Braak method,
whereas SCCIs were stained only weakly or partially (Fig. 1 t,
u). No such inclusions were found in controls.
To further characterize the inclusion-bearing cells, anti-

S-100 was used as a Schwann cell marker, anti-TPPP/
p25α as an oligodendroglia marker, and phosphorylated
neurofilament as an axon marker. Double immunofluores-
cence analysis revealed co-localization of phosphorylated
α-synuclein and S-100 (Fig. 2a–c), but not TPPP/p25α
(Fig. 2d–f ) or phosphorylated neurofilament (Fig. 2g–i), in
the inclusions. Phosphorylated α-synuclein and ubiquitin
were also co-localized in the inclusions (Fig. 2 j–l).

Immunoelectron microscopy
Pre-embedding immunoelectron microscopy demonstrated
phosphorylated α-synuclein-immunoreactive structures in
the cytoplasm of Schwann cells (Fig. 3a). The SCCIs

consisted of randomly arranged, loosely packed, granule-
coated fibrils, approximately 15–20 nm in diameter
(Fig. 3b). Immunodeposition was also detected in the outer
and inner loops of the myelinated axons, where fibril for-
mation was not apparent (Fig. 3c).

Distribution and incidence
The distribution and semiquantitative assessment of
SCCIs in patients with MSA are summarized in Table 2.
SCCIs were present in the cranial nerves (oculomotor,
glossopharyngeal-vagus and hypoglossal nerves) and the
spinal nerve roots. In the spinal nerve roots, SCCIs were
found in the anterior nerves at the levels of the cervical,
thoracic, lumbar and sacral segments, as well as in the
posterior nerves in all the segments, except at the cervical
level. They were also seen in the dorsal root and sympa-
thetic ganglia and visceral autonomic nervous system.
SCCIs were found in 12 of 14 patients with MSA

(85.7 %). They were most frequent in the anterior nerves
of the sacral cord (69.2 %) and tended to be more fre-
quent in the anterior than in the posterior nerves at each
level. In one case of MSA (case 1), we examined the
proximal and distal portions of the sacral nerve roots,
and found that SCCIs were more numerous in the prox-
imal than in the distal portion. In the cranial nerves, the
inclusions were more frequent in the glossopharyngeal-
vagus nerves (46.2 %) than in the oculomotor (28.6 %)
and hypoglossal (9.1 %) nerves. SCCIs were found in
66.7 % and 33.3 % of the dorsal root and sympathetic
ganglia, respectively. A small number of SCCIs were also
found in the visceral organs in 2 of 14 patients with
MSA (14.3 %): the subserosal nerves of the stomach in
one patient (case 1) and the adrenal gland and urinary
bladder in the other (case 12). There appeared to be no
relationship between the frequency of SCCIs and the dis-
ease duration or clinical phenotype (MSA-C vs MSA-P) of
patients with MSA.
Several neuronal cytoplasmic inclusions were found in

the dorsal root ganglia in 2 of 9 MSA patients (cases 5
and 13) (Fig. 1 v, w). No such inclusions were found in
the sympathetic ganglia or visceral organs.

Discussion
In the present study, we have demonstrated for the first
time that phosphorylated α-synuclein accumulates in the
cytoplasm of Schwann cells in patients with MSA. These
SCCIs were also immunopositive for aggregated α-synuclein,
ubiquitin and p62, a ubiquitin- proteasome system-related
protein. Thus, the immunohistochemical profile of SCCIs is
similar to that of GCIs [3, 7, 9, 19, 25]. Ultrastructurally,
SCCIs were composed of randomly arranged, loosely packed,
granule-coated fibrils, approximately 15–20 nm in diam-
eter. Both GCIs and neuronal cytoplasmic inclusions also
consisted of granule-coated fibrils, approximately 20–
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Fig. 1 Schwann cell (a–u) and neuronal (v, w) cytoplasmic inclusions stained with anti-phosphorylated α-synuclein (a, b, d–q, u–w), anti-aggregated
α-synuclein (c), anti-ubiquitin (r), anti-p62 (s) and the Gallyas-Braak method (t). a–i Schwann cell cytoplasmic inclusions (SCCIs) (arrowheads) in the
anterior spinal nerve roots. SCCIs displaying crescent-shaped (d), coil-like (e), or cigar-shaped morphology (f). SCCIs enwrapping the axons (g). SCCIs
extending their processes to the axons (h, i). j–l SCCIs in the oculomotor (j), glossopharyngeal-vagus (k) and hypoglossal (l) nerves. m and n SCCIs in
the dorsal root (m) and sympathetic (n) ganglia. o–q SCCIs in the stomach (o), adrenal grand (p) and urinary bladder (q). r and s SCCIs showing
immunopositivity for ubiquitin (r) and p62 (s). t and u Sequential staining of the same sections of the spinal nerve with Gallyas-Braak (t) and
anti-phosphorylated α-synuclein (u). SCCIs (arrowheads) are only weakly or partially stained with the Gallyas-Braak method. v and w Neuronal
cytoplasmic inclusions in the dorsal root ganglia. Immunostaining with anti-phosphorylated α-synuclein antibodies (#64 for a, e, g–q, u–w; and
EP1536Y for b, d, f). Bars = 50 μm in a–c; 10 μm in d–w

Nakamura et al. Acta Neuropathologica Communications  (2015) 3:29 Page 5 of 9



－  195  －

Immunoelectron microscopy
The anterior spinal nerve roots from a case of MSA
(case 1) were processed for immunoelectron micros-
copy. Fifty-micrometer-thick vibratome sections were
cut from the formalin-fixed tissue. The sections were in-
cubated with a rabbit monoclonal anti-phosphorylated
α-synuclein antibody (Abcam; 1:500), followed by incu-
bation with a biotinylated secondary anti-rabbit IgG
(Vector, Burlingame, CA, USA; 1:200) and avidin-
biotin-peroxidase complex (Vector; 1:200), and the
reaction was developed with diaminobenzidine. The
immunolabeled sections were post-fixed in 1 % glutaral-
dehyde and 1 % osmium tetroxide, dehydrated in etha-
nol, and then embedded in Poly/Bed 812 resin
(Polysciences, Inc., Warrington, PA, USA). Ultrathin
sections were cut and viewed with a JEOL1230 electron
microscope (JEOL Ltd., Tokyo, Japan).

Results
Morphology and immunohistochemical features
Immunostaining with anti-phosphorylated and anti-
aggregated α-synuclein antibodies as well as the modified
Gallyas-Braak method demonstrated widespread occur-
rence of GCIs throughout the brain and spinal cord of pa-
tients with MSA, but not in control subjects. The
immunostaining with two monoclonal anti-phosphorylated
α-synuclein antibodies and a monoclonal anti-aggregated
α-synuclein antibody revealed Schwann cell cytoplasmic in-
clusions (SCCIs) in the cranial and spinal nerves, peripheral
ganglia and visceral autonomic nervous system of MSA pa-
tients (Fig. 1a–q). They appeared crescent-shaped, coil-like,
or cigar-shaped (Fig. 1d–f). The SCCIs enveloped the axons
(Fig. 1g) and extended their processes from the cytoplasm
to the axons (Fig. 1h, i). Similar inclusions were detected
with anti-ubiquitin and anti-p62 antibodies (Fig. 1r, s). The
inclusions could not be visualized with hematoxylin and
eosin, Klüver-Barrera or Bodian’s method. GCIs appeared
argyrophilic with the modified Gallyas-Braak method,
whereas SCCIs were stained only weakly or partially (Fig. 1 t,
u). No such inclusions were found in controls.
To further characterize the inclusion-bearing cells, anti-

S-100 was used as a Schwann cell marker, anti-TPPP/
p25α as an oligodendroglia marker, and phosphorylated
neurofilament as an axon marker. Double immunofluores-
cence analysis revealed co-localization of phosphorylated
α-synuclein and S-100 (Fig. 2a–c), but not TPPP/p25α
(Fig. 2d–f ) or phosphorylated neurofilament (Fig. 2g–i), in
the inclusions. Phosphorylated α-synuclein and ubiquitin
were also co-localized in the inclusions (Fig. 2 j–l).

Immunoelectron microscopy
Pre-embedding immunoelectron microscopy demonstrated
phosphorylated α-synuclein-immunoreactive structures in
the cytoplasm of Schwann cells (Fig. 3a). The SCCIs

consisted of randomly arranged, loosely packed, granule-
coated fibrils, approximately 15–20 nm in diameter
(Fig. 3b). Immunodeposition was also detected in the outer
and inner loops of the myelinated axons, where fibril for-
mation was not apparent (Fig. 3c).

Distribution and incidence
The distribution and semiquantitative assessment of
SCCIs in patients with MSA are summarized in Table 2.
SCCIs were present in the cranial nerves (oculomotor,
glossopharyngeal-vagus and hypoglossal nerves) and the
spinal nerve roots. In the spinal nerve roots, SCCIs were
found in the anterior nerves at the levels of the cervical,
thoracic, lumbar and sacral segments, as well as in the
posterior nerves in all the segments, except at the cervical
level. They were also seen in the dorsal root and sympa-
thetic ganglia and visceral autonomic nervous system.
SCCIs were found in 12 of 14 patients with MSA

(85.7 %). They were most frequent in the anterior nerves
of the sacral cord (69.2 %) and tended to be more fre-
quent in the anterior than in the posterior nerves at each
level. In one case of MSA (case 1), we examined the
proximal and distal portions of the sacral nerve roots,
and found that SCCIs were more numerous in the prox-
imal than in the distal portion. In the cranial nerves, the
inclusions were more frequent in the glossopharyngeal-
vagus nerves (46.2 %) than in the oculomotor (28.6 %)
and hypoglossal (9.1 %) nerves. SCCIs were found in
66.7 % and 33.3 % of the dorsal root and sympathetic
ganglia, respectively. A small number of SCCIs were also
found in the visceral organs in 2 of 14 patients with
MSA (14.3 %): the subserosal nerves of the stomach in
one patient (case 1) and the adrenal gland and urinary
bladder in the other (case 12). There appeared to be no
relationship between the frequency of SCCIs and the dis-
ease duration or clinical phenotype (MSA-C vs MSA-P) of
patients with MSA.
Several neuronal cytoplasmic inclusions were found in

the dorsal root ganglia in 2 of 9 MSA patients (cases 5
and 13) (Fig. 1 v, w). No such inclusions were found in
the sympathetic ganglia or visceral organs.

Discussion
In the present study, we have demonstrated for the first
time that phosphorylated α-synuclein accumulates in the
cytoplasm of Schwann cells in patients with MSA. These
SCCIs were also immunopositive for aggregated α-synuclein,
ubiquitin and p62, a ubiquitin- proteasome system-related
protein. Thus, the immunohistochemical profile of SCCIs is
similar to that of GCIs [3, 7, 9, 19, 25]. Ultrastructurally,
SCCIs were composed of randomly arranged, loosely packed,
granule-coated fibrils, approximately 15–20 nm in diam-
eter. Both GCIs and neuronal cytoplasmic inclusions also
consisted of granule-coated fibrils, approximately 20–
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Fig. 1 Schwann cell (a–u) and neuronal (v, w) cytoplasmic inclusions stained with anti-phosphorylated α-synuclein (a, b, d–q, u–w), anti-aggregated
α-synuclein (c), anti-ubiquitin (r), anti-p62 (s) and the Gallyas-Braak method (t). a–i Schwann cell cytoplasmic inclusions (SCCIs) (arrowheads) in the
anterior spinal nerve roots. SCCIs displaying crescent-shaped (d), coil-like (e), or cigar-shaped morphology (f). SCCIs enwrapping the axons (g). SCCIs
extending their processes to the axons (h, i). j–l SCCIs in the oculomotor (j), glossopharyngeal-vagus (k) and hypoglossal (l) nerves. m and n SCCIs in
the dorsal root (m) and sympathetic (n) ganglia. o–q SCCIs in the stomach (o), adrenal grand (p) and urinary bladder (q). r and s SCCIs showing
immunopositivity for ubiquitin (r) and p62 (s). t and u Sequential staining of the same sections of the spinal nerve with Gallyas-Braak (t) and
anti-phosphorylated α-synuclein (u). SCCIs (arrowheads) are only weakly or partially stained with the Gallyas-Braak method. v and w Neuronal
cytoplasmic inclusions in the dorsal root ganglia. Immunostaining with anti-phosphorylated α-synuclein antibodies (#64 for a, e, g–q, u–w; and
EP1536Y for b, d, f). Bars = 50 μm in a–c; 10 μm in d–w
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30 nm in diameter [3, 4, 7, 26–28]. These findings indicate
that Schwann cells are also involved in the disease process
of MSA.
SCCIs were found in 12 of 14 patients with MSA

(85.7 %) in the present study. GCIs were consistently
found in the brainstem and spinal cord in all of the
MSA patients. By contrast, SCCIs were not observed in
the cranial or spinal nerves in three patients (cases 2, 12
and 14), two of whom had early MSA [17, 18]. These
findings suggest that the occurrence of GCIs precedes
that of SCCIs in MSA.
Recently, expression of human α-synuclein has been

reported in Schwann cells ensheathing the nerve fibers
of the urinary bladder in a transgenic mouse model of
MSA showing oligodendroglial overexpression of human
α-synuclein under the control of the proteolipid protein
promoter [29]. Urodynamic analysis revealed a less effi-
cient and unstable urinary bladder in this MSA mouse
model. In human MSA, widespread occurrence of GCIs
in the central nervous system is a cardinal pathological

feature [3–6]. Moreover, neuronal cytoplasmic and
nuclear inclusions have been observed in the inferior
olivary and pontine nuclei, substantia nigra, putamen
and cerebral cortex in patients with MSA [14, 28]. Fila-
mentous aggregates of α-synuclein are also found in
neurons in the sympathetic ganglia [14, 15]. In the
present study, we further demonstrated that accumula-
tion of phosphorylated α-synuclein occurs in the neur-
onal cytoplasm in the dorsal root ganglia. Sural nerve
biopsy from patients with MSA shows a 23 % reduction
of unmyelinated fibers (sensory afferent fibers and post-
ganglionic sympathetic fibers) [30]. Mild degeneration of
cardiac sympathetic nerves can occur in MSA [31].
Thus, MSA is a glio-neuronal α-synucleinopathy involv-
ing the central and peripheral nervous systems.
It is noteworthy that SCCIs tend to be more frequent in

the peripheral nerves associated with autonomic func-
tion, i.e. glossopharyngeal-vagus nerves, and anterior
spinal nerves of the thoracic and sacral cord. The vagus
nerve is a mixed cranial nerve containing axons of bran-
chiomeric motor neurons, parasympathetic pregangli-
onic fibers, visceral afferent fibers, and somatic sensory
afferent fibers. The glossopharyngeal nerve is related
closely to the vagus nerve, sharing common medullary

Fig. 2 Double immunofluorescence staining of Schwann cell
cytoplasmic inclusions. Co-localization of phosphorylated α-synuclein
(p-α-Syn) and S-100 (a–c), but not TPPP/p25α (d–f) or phosphorylated
neurofilament (p-NF) (g–i), in the inclusions. p-α-Syn and ubiquitin
(UBQ) are also co-localized in the inclusions (j–l). P-α-Syn (a, d, g, j)
appears red, S-100 (b), TPPP/p25α (e), p-NF (h) and UBQ (k) appear
green, and overlap of S-100 or UBQ and p-α-Syn (c, l) appears
yellow. Bars = 10 μm

Fig. 3 Immunoelectron microscopy of Schwann cell cytoplasmic
inclusions in the spinal nerve roots. a Phosphorylated α-synuclein-
immunoreactive structures in the cytoplasm of Schwann cells.
b A higher-magnification view of the area indicated by the black
asterisk in (a). The inclusion showing granule-coated fibrillary structures,
about 15–20 nm in diameter. Anti-phosphorylated α-synuclein
antibody labels filamentous and granular structures. c A higher-
magnification view of the area indicated by the white asterisk in
(a). Phosphorylated α-synuclein-immunoreactive structures are
evident in the outer (black arrowheads) and inner loops (white
arrowheads) of Schwann cells. M, myelin; Ax, axon. Bars = 1 μm
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nuclei and having similar functional components [32].
The sympathetic ganglia receive preganglionic fibers from
the intermediolateral nucleus of the spinal cord through
the anterior roots of all the thoracic and the upper two
lumber nerves [32]. The sacral preganglionic parasympa-
thetic fibers exit from the sacral cord and go to the ter-
minal ganglia of the pelvic plexuses, as well as to the
myenteric and submucosal plexuses of the descending
colon and rectum [32]. The widespread occurrence of
SCCIs, at least in part, may play a role for the manifestation
of a variety of autonomic symptoms in MSA.
Using the modified Gallyas-Braak method, GCIs were

positive whereas SCCIs were stained only weakly or par-
tially. Ultrastructurally, the constituent filaments of SCCIs
(approximately 15–20 nm) appeared thinner than those
of GCIs (approximately 20–30 nm) [3, 4, 7]. Phosphory-
lated α-synuclein-immunoreactive filamentous inclu-
sions are also found in oligodendrocytes and astrocytes
in the brains of patients with Parkinson’s disease and de-
mentia with Lewy bodies [33–35] and are argyrophilic
with the modified Gallyas-Braak method [36], suggesting
that the process of α-synuclein aggregation in glial cells
may differ somewhat between the central and peripheral
nervous systems.
Cranial nerves are composed of myelinated and unmy-

elinated fibers in various proportions [37]. The nerve
fibers of the anterior spinal nerve roots projecting to the
autonomic ganglia are myelinated [38]. Both myelinated
and unmyelinated fibers in the peripheral nervous

system are enveloped with Schwann cells. Although the
number of samples was small, our immunoelectron
microscopy examination demonstrated that inclusion-
bearing Schwann cells, at least in part, ensheath the
myelinated fibers. Considering that postganglionic sym-
pathetic nerve fibers are unmyelinated [39] and a small
number of SCCIs were observed in the visceral autonomic
nervous system in MSA, SCCI formation may also occur
in Schwann cells ensheathing the unmyelinated fibers.
Moreover, immunodeposition was also found in the
outer and inner loops of Schwann cells. In the central
nervous system, constituent filaments of GCIs are not
evident in the outer or inner loops of oligodendrocytes
in MSA [7]. By contrast, tau- and Gallyas-positive fila-
mentous structures are found in the outer and inner
loops of oligodendrocytes in progressive supranuclear
palsy and corticobasal degeneration [39–41]. These find-
ings suggest that phosphorylated α-synuclein pathology
develops both in the perikarya and distal processes of
Schwann cells, whereas the perikarya is chiefly involved
in oligodendrocytes in MSA.
It is unclear how aggregated α-synuclein in the cyto-

plasm of Schwann cells interacts with the axon, myelin
and Schwann cell itself. Both oligodendrocytes and
Schwann cells are essential for axonal function and
integrity. These enwrapping glia support axonal growth
and myelination by transfer of metabolic substrates and
secretion of neurotrophic factors [42]. Glial cell line-
derived neurotrophic factor (GDNF) is one of the

Table 2 Distribution and frequency of Schwann cell cytoplasmic inclusions (SCCIs) in patients with multiple system atrophy

Case No. Cranial nerves Spinal nerves DRG SG Visceral organs

C T L S

III V IX/X XII A P A P A P A P

1 NE − + + NE NE + + ++ − ++ + NE NE + (stomach)

2 − − − − − − − − − − − − − − −

3 − NE + − + − − − + − + + + − −

4 − − + NE NE NE + − + − + − NE NE −

5 + NE − − − − + − + − + − − + −

6 NE NE + − + − − − − − + − + − −

7 NE NE − − + − − − − − + − + − −

8 ++ NE + NE − − − − − − − + + − −

9 NE − + NE + − + + − − + + NE NE −

10 NE NE − − + − + − − − + − + − −

11 − NE − − − − − − − + + − − + −

12 − − − − − − − − − − − − NE NE + (adrenal, urinary bladder)

13 NE NE − − − − + − − − − − + + −

14 NE − NE − − − − − − − NE NE NE NE −

Percent positive for inclusions 28.6 0 46.2 9.1 41.7 0 42.9 14.3 28.6 7.1 69.2 30.8 66.7 33.3 14.3

DRG, dorsal root ganglia; SG, sympathetic ganglia; C, cervical; T, thoracic; L, lumbar; S, sacral; A, anterior; P, posterior. Semiquantitive assessment:−, none; +, 1 to 5
SCCIs per area; ++, more than 5 SCCIs per area; NE, not examined
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30 nm in diameter [3, 4, 7, 26–28]. These findings indicate
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SCCIs were found in 12 of 14 patients with MSA

(85.7 %) in the present study. GCIs were consistently
found in the brainstem and spinal cord in all of the
MSA patients. By contrast, SCCIs were not observed in
the cranial or spinal nerves in three patients (cases 2, 12
and 14), two of whom had early MSA [17, 18]. These
findings suggest that the occurrence of GCIs precedes
that of SCCIs in MSA.
Recently, expression of human α-synuclein has been

reported in Schwann cells ensheathing the nerve fibers
of the urinary bladder in a transgenic mouse model of
MSA showing oligodendroglial overexpression of human
α-synuclein under the control of the proteolipid protein
promoter [29]. Urodynamic analysis revealed a less effi-
cient and unstable urinary bladder in this MSA mouse
model. In human MSA, widespread occurrence of GCIs
in the central nervous system is a cardinal pathological

feature [3–6]. Moreover, neuronal cytoplasmic and
nuclear inclusions have been observed in the inferior
olivary and pontine nuclei, substantia nigra, putamen
and cerebral cortex in patients with MSA [14, 28]. Fila-
mentous aggregates of α-synuclein are also found in
neurons in the sympathetic ganglia [14, 15]. In the
present study, we further demonstrated that accumula-
tion of phosphorylated α-synuclein occurs in the neur-
onal cytoplasm in the dorsal root ganglia. Sural nerve
biopsy from patients with MSA shows a 23 % reduction
of unmyelinated fibers (sensory afferent fibers and post-
ganglionic sympathetic fibers) [30]. Mild degeneration of
cardiac sympathetic nerves can occur in MSA [31].
Thus, MSA is a glio-neuronal α-synucleinopathy involv-
ing the central and peripheral nervous systems.
It is noteworthy that SCCIs tend to be more frequent in

the peripheral nerves associated with autonomic func-
tion, i.e. glossopharyngeal-vagus nerves, and anterior
spinal nerves of the thoracic and sacral cord. The vagus
nerve is a mixed cranial nerve containing axons of bran-
chiomeric motor neurons, parasympathetic pregangli-
onic fibers, visceral afferent fibers, and somatic sensory
afferent fibers. The glossopharyngeal nerve is related
closely to the vagus nerve, sharing common medullary

Fig. 2 Double immunofluorescence staining of Schwann cell
cytoplasmic inclusions. Co-localization of phosphorylated α-synuclein
(p-α-Syn) and S-100 (a–c), but not TPPP/p25α (d–f) or phosphorylated
neurofilament (p-NF) (g–i), in the inclusions. p-α-Syn and ubiquitin
(UBQ) are also co-localized in the inclusions (j–l). P-α-Syn (a, d, g, j)
appears red, S-100 (b), TPPP/p25α (e), p-NF (h) and UBQ (k) appear
green, and overlap of S-100 or UBQ and p-α-Syn (c, l) appears
yellow. Bars = 10 μm

Fig. 3 Immunoelectron microscopy of Schwann cell cytoplasmic
inclusions in the spinal nerve roots. a Phosphorylated α-synuclein-
immunoreactive structures in the cytoplasm of Schwann cells.
b A higher-magnification view of the area indicated by the black
asterisk in (a). The inclusion showing granule-coated fibrillary structures,
about 15–20 nm in diameter. Anti-phosphorylated α-synuclein
antibody labels filamentous and granular structures. c A higher-
magnification view of the area indicated by the white asterisk in
(a). Phosphorylated α-synuclein-immunoreactive structures are
evident in the outer (black arrowheads) and inner loops (white
arrowheads) of Schwann cells. M, myelin; Ax, axon. Bars = 1 μm
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nuclei and having similar functional components [32].
The sympathetic ganglia receive preganglionic fibers from
the intermediolateral nucleus of the spinal cord through
the anterior roots of all the thoracic and the upper two
lumber nerves [32]. The sacral preganglionic parasympa-
thetic fibers exit from the sacral cord and go to the ter-
minal ganglia of the pelvic plexuses, as well as to the
myenteric and submucosal plexuses of the descending
colon and rectum [32]. The widespread occurrence of
SCCIs, at least in part, may play a role for the manifestation
of a variety of autonomic symptoms in MSA.
Using the modified Gallyas-Braak method, GCIs were

positive whereas SCCIs were stained only weakly or par-
tially. Ultrastructurally, the constituent filaments of SCCIs
(approximately 15–20 nm) appeared thinner than those
of GCIs (approximately 20–30 nm) [3, 4, 7]. Phosphory-
lated α-synuclein-immunoreactive filamentous inclu-
sions are also found in oligodendrocytes and astrocytes
in the brains of patients with Parkinson’s disease and de-
mentia with Lewy bodies [33–35] and are argyrophilic
with the modified Gallyas-Braak method [36], suggesting
that the process of α-synuclein aggregation in glial cells
may differ somewhat between the central and peripheral
nervous systems.
Cranial nerves are composed of myelinated and unmy-

elinated fibers in various proportions [37]. The nerve
fibers of the anterior spinal nerve roots projecting to the
autonomic ganglia are myelinated [38]. Both myelinated
and unmyelinated fibers in the peripheral nervous

system are enveloped with Schwann cells. Although the
number of samples was small, our immunoelectron
microscopy examination demonstrated that inclusion-
bearing Schwann cells, at least in part, ensheath the
myelinated fibers. Considering that postganglionic sym-
pathetic nerve fibers are unmyelinated [39] and a small
number of SCCIs were observed in the visceral autonomic
nervous system in MSA, SCCI formation may also occur
in Schwann cells ensheathing the unmyelinated fibers.
Moreover, immunodeposition was also found in the
outer and inner loops of Schwann cells. In the central
nervous system, constituent filaments of GCIs are not
evident in the outer or inner loops of oligodendrocytes
in MSA [7]. By contrast, tau- and Gallyas-positive fila-
mentous structures are found in the outer and inner
loops of oligodendrocytes in progressive supranuclear
palsy and corticobasal degeneration [39–41]. These find-
ings suggest that phosphorylated α-synuclein pathology
develops both in the perikarya and distal processes of
Schwann cells, whereas the perikarya is chiefly involved
in oligodendrocytes in MSA.
It is unclear how aggregated α-synuclein in the cyto-

plasm of Schwann cells interacts with the axon, myelin
and Schwann cell itself. Both oligodendrocytes and
Schwann cells are essential for axonal function and
integrity. These enwrapping glia support axonal growth
and myelination by transfer of metabolic substrates and
secretion of neurotrophic factors [42]. Glial cell line-
derived neurotrophic factor (GDNF) is one of the

Table 2 Distribution and frequency of Schwann cell cytoplasmic inclusions (SCCIs) in patients with multiple system atrophy

Case No. Cranial nerves Spinal nerves DRG SG Visceral organs

C T L S

III V IX/X XII A P A P A P A P

1 NE − + + NE NE + + ++ − ++ + NE NE + (stomach)

2 − − − − − − − − − − − − − − −

3 − NE + − + − − − + − + + + − −

4 − − + NE NE NE + − + − + − NE NE −

5 + NE − − − − + − + − + − − + −

6 NE NE + − + − − − − − + − + − −

7 NE NE − − + − − − − − + − + − −

8 ++ NE + NE − − − − − − − + + − −

9 NE − + NE + − + + − − + + NE NE −

10 NE NE − − + − + − − − + − + − −

11 − NE − − − − − − − + + − − + −

12 − − − − − − − − − − − − NE NE + (adrenal, urinary bladder)

13 NE NE − − − − + − − − − − + + −

14 NE − NE − − − − − − − NE NE NE NE −

Percent positive for inclusions 28.6 0 46.2 9.1 41.7 0 42.9 14.3 28.6 7.1 69.2 30.8 66.7 33.3 14.3

DRG, dorsal root ganglia; SG, sympathetic ganglia; C, cervical; T, thoracic; L, lumbar; S, sacral; A, anterior; P, posterior. Semiquantitive assessment:−, none; +, 1 to 5
SCCIs per area; ++, more than 5 SCCIs per area; NE, not examined
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neurotrophic factors produced by oligodendrocytes [43]
and Schwann cells [44]. The level of GDNF is signifi-
cantly decreased in the frontal white matter and cerebel-
lum of human MSA patients and in the brain of a MSA
mouse model overexpressing human α-synuclein under
the control of the myelin basic protein promoter [45].
Intraventricular infusion of GDNF improves behavioral
deficits and ameliorates the neurodegenerative pathology
in this MSA mouse model [45]. GDNF induces Schwann
cell migration and axonal regeneration in the peripheral
nervous system [46] and also prevents atrophy of facial
motoneurons following axotomy [47]. Liver kinase B1
(LKB1) is also a crucial regulator of the major metabolic
pathway in Schwann cells, which are central to axonal
stability [48]. Deletion of LKB1 leads to energy deple-
tion, mitochondrial dysfunction, abnormalities of lipid
homeostasis and increased lactate release in Schwann
cells [48]. The loss of viability in human neuroblastoma
cells overexpressing wild-type α-synuclein is associated
with reduced activation of intracellular energy sensors,
including LKB1 [49]. α-Synuclein-overexpressing rat
primary neurons also display lower LKB1 activity [49].
Based on the above findings, it is likely that overexpres-
sion of α-synuclein in Schwann cells impairs the activity
of neurotrophic factors, leading to axonal destabilization
in peripheral nerves.
The origin of α-synuclein in SCCIs is uncertain. Immuno-

reactivity of non-phosphorylated α-synuclein has been re-
ported in normal and neoplastic Schwann cells in the
peripheral nervous system of humans [16]. Therefore, it is
possible to consider that overexpression of α-synuclein in
Schwann cells would cause SCCI formation. As another
possible mechanism, neuron-to-neuron transmission of α-
synuclein fibrils through anterograde axonal transport has
been demonstrated in primary cortical mouse neurons
in vitro [50]. The fact that SCCIs tended to appear more
frequently in the proximal than in the distal spinal
nerve roots is appropriate for anterograde transport of
α-synuclein. α-Synuclein in SCCIs could be derived from
neurons. Future studies will be necessary to clarify the
origin of α-synuclein in MSA Schwann cells.

Conclusion
In conclusion, we have provided for the first time evi-
dence that filamentous aggregation of phosphorylated α-
synuclein occurs in Schwann cells in patients with MSA.
Similar inclusions are also observed in the oligodendro-
cytes and neurons of the central nervous system as well
as in neurons of the peripheral ganglia. Both central and
peripheral mechanisms may contribute to the neurode-
generation in MSA.
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neurotrophic factors produced by oligodendrocytes [43]
and Schwann cells [44]. The level of GDNF is signifi-
cantly decreased in the frontal white matter and cerebel-
lum of human MSA patients and in the brain of a MSA
mouse model overexpressing human α-synuclein under
the control of the myelin basic protein promoter [45].
Intraventricular infusion of GDNF improves behavioral
deficits and ameliorates the neurodegenerative pathology
in this MSA mouse model [45]. GDNF induces Schwann
cell migration and axonal regeneration in the peripheral
nervous system [46] and also prevents atrophy of facial
motoneurons following axotomy [47]. Liver kinase B1
(LKB1) is also a crucial regulator of the major metabolic
pathway in Schwann cells, which are central to axonal
stability [48]. Deletion of LKB1 leads to energy deple-
tion, mitochondrial dysfunction, abnormalities of lipid
homeostasis and increased lactate release in Schwann
cells [48]. The loss of viability in human neuroblastoma
cells overexpressing wild-type α-synuclein is associated
with reduced activation of intracellular energy sensors,
including LKB1 [49]. α-Synuclein-overexpressing rat
primary neurons also display lower LKB1 activity [49].
Based on the above findings, it is likely that overexpres-
sion of α-synuclein in Schwann cells impairs the activity
of neurotrophic factors, leading to axonal destabilization
in peripheral nerves.
The origin of α-synuclein in SCCIs is uncertain. Immuno-

reactivity of non-phosphorylated α-synuclein has been re-
ported in normal and neoplastic Schwann cells in the
peripheral nervous system of humans [16]. Therefore, it is
possible to consider that overexpression of α-synuclein in
Schwann cells would cause SCCI formation. As another
possible mechanism, neuron-to-neuron transmission of α-
synuclein fibrils through anterograde axonal transport has
been demonstrated in primary cortical mouse neurons
in vitro [50]. The fact that SCCIs tended to appear more
frequently in the proximal than in the distal spinal
nerve roots is appropriate for anterograde transport of
α-synuclein. α-Synuclein in SCCIs could be derived from
neurons. Future studies will be necessary to clarify the
origin of α-synuclein in MSA Schwann cells.

Conclusion
In conclusion, we have provided for the first time evi-
dence that filamentous aggregation of phosphorylated α-
synuclein occurs in Schwann cells in patients with MSA.
Similar inclusions are also observed in the oligodendro-
cytes and neurons of the central nervous system as well
as in neurons of the peripheral ganglia. Both central and
peripheral mechanisms may contribute to the neurode-
generation in MSA.
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• Amyotrophic lateral sclerosis (ALS) is one of the most devastating neurodegenerative disease.
• ALS-specific Bunina bodies are immunoreactive for SorCS2, a member of vacuolar protein sorting 10 family proteins (VPS10Ps).
• Immunoreativity for VPS10Ps, sortilin and SorLA, is decreased in anterior horn cells of ALS patients.
• VPS10Ps may be involved in the pathomechanisms of ALS.
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a b s t r a c t

Sortilin-related receptor CNS expressed 2 (SorCS2) is one of the vacuolar protein sorting 10 family proteins
(VPS10Ps) that have pleiotropic roles in protein trafficking and intracellular and intercellular signaling.
Bunina bodies (BBs) are specifically detected in the lower motor neurons in patients with amyotrophic
lateral sclerosis (ALS). BBs are immunolabeled with antibodies against cystatin C, transferrin and periph-
erin and are considered to originate from the endoplasmic reticulum, which is part of the protein sorting
pathway. The present study investigated whether VPS10Ps are involved in the formation of BBs in ALS.
We immunohistochemically examined the spinal cord from patients with ALS and control subjects using
antibodies against VPS10Ps (sortilin, SorLA, SorCS1, SorCS2 and SorCS3). In normal controls, antibodies
against VPS10Ps immunolabeled the cytoplasm of anterior horn cells in a fine granular pattern. In ALS,
almost all BBs (95.1%) were strongly immunopositive for SorCS2, and immunoreativity for sortilin and
SorLA was decreased in anterior horn cells. These findings suggest that VPS10Ps may be involved in the
disease process of ALS.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Sortilin-related receptor CNS expressed 2 (SorCS2) is a type I
transmembrane glycoprotein receptor that belongs to the mam-
malian vacuolar protein sorting 10 protein (VPS10P) family [6,19].
VPS10Ps include sortilin, sorting protein-related receptor with A-
type repeats (SorLA), SorCS1, SorCS2, and SorCS3 proteins. All
SorCS proteins are expressed predominantly in the brain, especially
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during development [6,8,19]. Interactions have been documented
between VPS10Ps and retromer coat complex (VPS35 and VPS26), a
key component of the intracellular trafficking apparatus that sorts
cargo from the early endosome to the trans-Golgi network [9]. In
recent years, it has been shown that a number of neurodegen-
erative diseases including Alzheimer’s disease (AD), Parkinson’s
disease and frontotemporal lobar degeneration (FTLD) are char-
acterized by the misprocessing and missorting of intracellular
proteins (amyloid precursor protein, tau, ˛-synuclein, TDP-43, FUS)
within endosomal–lysosomal pathways. Dysfunction within these
pathways is proposed to be a major contributing factor to disease
progression [9].

Bunina bodies (BBs) are small round eosinophilic inclusions,
1–5 �m in diameter, observed in the lower motor neurons of

http://dx.doi.org/10.1016/j.neulet.2015.09.030
0304-3940/© 2015 Elsevier Ireland Ltd. All rights reserved.
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patients with amyotrophic lateral sclerosis (ALS), one of the most
prevalent TDP-43 proteinopathies. BBs are immunolabeled with
antibodies against cystatin C [16], transferrin [10] and peripherin
[11]. BBs are considered to originate from the endoplasmic retic-
ulum [21,23], which serves many general functions, including the
folding of protein molecules in sacs called cisternae and the trans-
port of synthesized proteins in vesicles to the Golgi apparatus. Our
previous immunoelectron microscopy observations indicating that

cystatin C is localized to the vesicular membranous structures of
BBs [13] prompted us to examine whether VPS10Ps are involved in
the formation of BBs. Therefore, we immunohistochemically inves-
tigated the expression of VPS10Ps in spinal cord samples from
patients with ALS and control subjects. Here we report that SorCS2
immunoreactivity is detectable in BBs in anterior horn cells (AHCs)
and that immunoreativity for sortilin and SorLA is decreased in
AHCs of ALS patients in comparison to controls.

Fig. 1. Light micrographs of the anterior horn of the lumbar cord of normal controls (a,c,e,g,i) and patients with amyotrophic lateral sclerosis (ALS) (b,d,f,h,j), showing
immunoreactivity for sortilin (a,b), sorting protein-related receptor with A-type repeats (SorLA) (c,d), sortilin-related receptor CNS expressed 1 (SorCS1) (e,f), SorCS2 (g,h),
and SorCS3 (i,j). In ALS, immunoreactivity for sortilin and SorLA is decreased in anterior horn cells (b,d). Bars = 50 �m.
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1. Introduction

Sortilin-related receptor CNS expressed 2 (SorCS2) is a type I
transmembrane glycoprotein receptor that belongs to the mam-
malian vacuolar protein sorting 10 protein (VPS10P) family [6,19].
VPS10Ps include sortilin, sorting protein-related receptor with A-
type repeats (SorLA), SorCS1, SorCS2, and SorCS3 proteins. All
SorCS proteins are expressed predominantly in the brain, especially
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during development [6,8,19]. Interactions have been documented
between VPS10Ps and retromer coat complex (VPS35 and VPS26), a
key component of the intracellular trafficking apparatus that sorts
cargo from the early endosome to the trans-Golgi network [9]. In
recent years, it has been shown that a number of neurodegen-
erative diseases including Alzheimer’s disease (AD), Parkinson’s
disease and frontotemporal lobar degeneration (FTLD) are char-
acterized by the misprocessing and missorting of intracellular
proteins (amyloid precursor protein, tau, ˛-synuclein, TDP-43, FUS)
within endosomal–lysosomal pathways. Dysfunction within these
pathways is proposed to be a major contributing factor to disease
progression [9].

Bunina bodies (BBs) are small round eosinophilic inclusions,
1–5 �m in diameter, observed in the lower motor neurons of
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patients with amyotrophic lateral sclerosis (ALS), one of the most
prevalent TDP-43 proteinopathies. BBs are immunolabeled with
antibodies against cystatin C [16], transferrin [10] and peripherin
[11]. BBs are considered to originate from the endoplasmic retic-
ulum [21,23], which serves many general functions, including the
folding of protein molecules in sacs called cisternae and the trans-
port of synthesized proteins in vesicles to the Golgi apparatus. Our
previous immunoelectron microscopy observations indicating that

cystatin C is localized to the vesicular membranous structures of
BBs [13] prompted us to examine whether VPS10Ps are involved in
the formation of BBs. Therefore, we immunohistochemically inves-
tigated the expression of VPS10Ps in spinal cord samples from
patients with ALS and control subjects. Here we report that SorCS2
immunoreactivity is detectable in BBs in anterior horn cells (AHCs)
and that immunoreativity for sortilin and SorLA is decreased in
AHCs of ALS patients in comparison to controls.

Fig. 1. Light micrographs of the anterior horn of the lumbar cord of normal controls (a,c,e,g,i) and patients with amyotrophic lateral sclerosis (ALS) (b,d,f,h,j), showing
immunoreactivity for sortilin (a,b), sorting protein-related receptor with A-type repeats (SorLA) (c,d), sortilin-related receptor CNS expressed 1 (SorCS1) (e,f), SorCS2 (g,h),
and SorCS3 (i,j). In ALS, immunoreactivity for sortilin and SorLA is decreased in anterior horn cells (b,d). Bars = 50 �m.
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Fig. 2. Semiquantification of immunoreactivity for sortilin (a), SorLA (b), SorCS1 (c),
SorCS2 (d), and SorCS3 (e) of anterior horn cells in normal controls and ALS patients.
The proportions of neurons with intense/moderate (++, black column), weak (+, gray
column) or no immunostaining (−, white column) relative to the total number of
neurons in the anterior horn are shown. Values are expressed as mean ± standard
error of the mean. Correlations at p < 0.05 were considered significant.

2. Materials and methods

2.1. Subjects

Twelve patients with sporadic ALS (aged 53–77 years, average
65.8 years) were studied. The diagnosis was confirmed both clin-
ically and histopathologically. BBs were found in the AHCs in 8 of
the 12 cases, and TDP-43-positive inclusions were evident in all
the cases. We also examined five neurologically normal individuals
(aged 53–84 years, average 67.8 years). For routine histologi-
cal examination, 4-�m-thick, formalin-fixed, paraffin-embedded

sections from multiple cortical and subcortical regions were stained
with hematoxylin and eosin (H&E) or by the Klüver–Barrera
method. We also examined the sections immunohistochemically
using anti-TDP-43 antibody (10782-1-AP; ProteinTec Group, Inc.,
Chicago, IL, USA; 1:4000). This study was approved by the Institu-
tional Ethics Committee of Hirosaki University Graduate School of
Medicine.

2.2. Immunohistochemistry

Sheep polyclonal antibody against SorCS2 (AF4238; R&D Sys-
tems, Inc., Minneapolis, MN, USA; 1:40) and rabbit polyclonal
antibodies against sortilin (HPA006889; Atlas Antibodies AB, Stock-
holm, Sweden; 1:50), SorLA (ab16642; Abcam, Cambridge, UK;
1:50), SorCS1 (23002-1-A1; ProteinTec Group, Inc.; 1:50) and
SorCS3 (HPA049097; Atlas Antibodies AB; 1:500) were used in this
study.

We identified BBs using H&E-stained sections. BBs were defined
as small eosinophilic perikaryal inclusions, 1–5 �m in diameter,
which were sometimes clustered. Serial sections (4 �m thick)
were cut from paraffin blocks of the 4th lumbar segment in all
cases and were first stained with H&E. Digital images of the ante-
rior horn on both sides were captured by a virtual slide system
(VS110-S1; Olympus, Tokyo, Japan). AHCs were defined as Nissl
body-containing cells in Rexed VIII and IX, whose somal diame-
ters were greater than 37 �m [12]. AHCs with or without BBs were
observed under a ×40 objective lens, measured by a virtual slide
system (×600 on a display) and numbered on enlarged prints (×80).
When the same neuronal cell body was recognized on several con-
tiguous sections, the same number was marked on the neuron. This
approach ensured we avoided missing tiny BBs. After removing the
cover glass from the slides in xylene, the specimens were decol-
orized in alcohol, subjected to heat retrieval using an autoclave for
10 min in 10 mM citrate buffer (pH 6.0), and immunostained with
sheep antibody against SorCS2 (1:40) using a Vectastain ABC kit
(Vector, Burlingame, CA, USA). Diaminobenzidine was used as the
chromogen. The sections were counterstained with hematoxylin.
Digital images of the anterior horn on both sides were captured
by the virtual slide system again. The SorCS2 immunoreactivity of
BBs was confirmed under a ×40 objective lens in each neuron on a
display.

Selected sections were double-immunolabeled with sheep poly-
clonal anti-SorCS2 (1:20) and rabbit polyclonal anti-cystatin C
(A0541; DakoCytomation, Glostrup, Denmark; 1:500) antibodies.
The secondary antibodies were Alexa Fluor 488 donkey anti-sheep
IgG (A-11015; Invitrogen, Carlsbad, CA, USA; 1:200) and Alexa
Fluor 594 donkey anti-rabbit IgG (A-21207; Invitrogen; 1:200).
The sections were examined with an Olympus Provis fluorescence
microscope (Olympus, Tokyo, Japan).

2.3. Semi-quantitative analysis

The numbers of neurons immunoreactive for sortilin, SorLA,
SorCS1, SorCS2 and SorCS3 in control subjects and patients with ALS
were assessed using a semi-quantitative rating scale: −, unstained;
+, weakly stained; ++, moderately or intensely stained. The stain-
ing intensity was first graded as − or ++, and any intensity that was
neither − nor ++ was defined as +. Three authors (FM, YM, KW),
experienced neuropathologists, rated immunostained sections of
ALS and control cases under blinded fashion. The proportions of sor-
tilin, SorLA, SorCS1, SorCS2 and SorCS3-positive neurons relative to
the total number of neurons were calculated in each case.
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Fig. 3. Contiguous sections stained with anti-SorCS2 antibody (a,b) and hematoxylin and eosin (c,d). Higher-magnification view of the area indicated by the asterisks in a
and c showing Bunina bodies (arrowheads) in the lumbar anterior horn of a patient with ALS (b,d). Bars in a and c = 50 �m. Bars in b and d = 10 �m.

2.4. Statistical analysis

Calculations were performed using Statcel software (OMS
Publishing, Tokorozawa, Japan). Statistical comparison was per-
formed with two-way factorial ANOVA. Values were expressed as
mean ± standard error of the mean. Correlations at p < 0.05 were
considered significant. Good interrater reliability was achieved by
three observers using the method, because the data from each rater
showed the same significant result.

3. Results

In normal controls, antibodies against sortilin, SorLA and SorCS3
moderately immunolabeled the cytoplasm of AHCs in a diffuse
granular pattern (Fig. 1a,c,i). With anti-SorCS1 and anti-SorCS2
antibodies, the cytoplasm of AHCs was barely immunolabeled, or
was unstained (Fig. 1e,g). In ALS, immunoreactivity for sortilin and
SorLA was decreased in the majority of AHCs (Fig. 1b,d). There
was no apparent difference in staining intensity of the neuronal
cytoplasm immunolabeled with anti-SorCS1, -SorCS2 or -SorCS3
between ALS patients and controls (Fig. 1f,h,j).

Semi-quantitative analysis showed that 20.2% of AHCs were
moderately or intensely immunolabeled with anti-sortilin anti-
body and that 60.5% were weakly immunolabeled in normal
controls (Fig. 2a, left). In ALS, 31.2% of AHCs showed weak
immunoreactivity and 68.8% were unstained (Fig. 2a, right). Simi-
larly, 27.0% of AHCs were moderately or intensely immunolabeled
with anti-SorLA antibody and 57.7% were weakly immunolabeled
in normal controls (Fig. 2b, left). In ALS patients, 15.6% of AHCs
showed weak immunoreactivity and the rest were unstained
(Fig. 2b, right). The differences in the staining intensity of AHCs
immunolabeled with anti-sortilin or anti-SorLA between ALS
patients and controls were statistically significant (p < 0.01). There
were no significant differences in immunoreactivity for SorCS1,
SorCS2 and SorCS3 between ALS patients and controls (Fig. 2c–e).

Although the cytoplasm of AHCs showed no or only weak
immunoreactivity for SorCS2, BBs were intensely immunolabeled
with anti-SorCS2 antibody (Fig. 3). Sequential staining of the
same sections with H&E and anti-SorCS2 antibody revealed that
almost all BBs were immunopositive for SorCS2 (90.9–100%, aver-
age 95.1%). No SorCS2-positive inclusions were observed in 4
cases of ALS, in which no BBs had been detected. No significant

Fig. 4. Double-labeling immunofluorescence demonstrating co-localization of SorCS2 and cystatin C in Bunina bodies in spinal anterior horn cells of a patient with ALS.
SorCS2 appears green (a) and cystatin C appears red (b). Overlap of SorCS2 and cystatin C appears yellow (c). Bars = 10 �m.
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Fig. 2. Semiquantification of immunoreactivity for sortilin (a), SorLA (b), SorCS1 (c),
SorCS2 (d), and SorCS3 (e) of anterior horn cells in normal controls and ALS patients.
The proportions of neurons with intense/moderate (++, black column), weak (+, gray
column) or no immunostaining (−, white column) relative to the total number of
neurons in the anterior horn are shown. Values are expressed as mean ± standard
error of the mean. Correlations at p < 0.05 were considered significant.

2. Materials and methods

2.1. Subjects

Twelve patients with sporadic ALS (aged 53–77 years, average
65.8 years) were studied. The diagnosis was confirmed both clin-
ically and histopathologically. BBs were found in the AHCs in 8 of
the 12 cases, and TDP-43-positive inclusions were evident in all
the cases. We also examined five neurologically normal individuals
(aged 53–84 years, average 67.8 years). For routine histologi-
cal examination, 4-�m-thick, formalin-fixed, paraffin-embedded

sections from multiple cortical and subcortical regions were stained
with hematoxylin and eosin (H&E) or by the Klüver–Barrera
method. We also examined the sections immunohistochemically
using anti-TDP-43 antibody (10782-1-AP; ProteinTec Group, Inc.,
Chicago, IL, USA; 1:4000). This study was approved by the Institu-
tional Ethics Committee of Hirosaki University Graduate School of
Medicine.

2.2. Immunohistochemistry

Sheep polyclonal antibody against SorCS2 (AF4238; R&D Sys-
tems, Inc., Minneapolis, MN, USA; 1:40) and rabbit polyclonal
antibodies against sortilin (HPA006889; Atlas Antibodies AB, Stock-
holm, Sweden; 1:50), SorLA (ab16642; Abcam, Cambridge, UK;
1:50), SorCS1 (23002-1-A1; ProteinTec Group, Inc.; 1:50) and
SorCS3 (HPA049097; Atlas Antibodies AB; 1:500) were used in this
study.

We identified BBs using H&E-stained sections. BBs were defined
as small eosinophilic perikaryal inclusions, 1–5 �m in diameter,
which were sometimes clustered. Serial sections (4 �m thick)
were cut from paraffin blocks of the 4th lumbar segment in all
cases and were first stained with H&E. Digital images of the ante-
rior horn on both sides were captured by a virtual slide system
(VS110-S1; Olympus, Tokyo, Japan). AHCs were defined as Nissl
body-containing cells in Rexed VIII and IX, whose somal diame-
ters were greater than 37 �m [12]. AHCs with or without BBs were
observed under a ×40 objective lens, measured by a virtual slide
system (×600 on a display) and numbered on enlarged prints (×80).
When the same neuronal cell body was recognized on several con-
tiguous sections, the same number was marked on the neuron. This
approach ensured we avoided missing tiny BBs. After removing the
cover glass from the slides in xylene, the specimens were decol-
orized in alcohol, subjected to heat retrieval using an autoclave for
10 min in 10 mM citrate buffer (pH 6.0), and immunostained with
sheep antibody against SorCS2 (1:40) using a Vectastain ABC kit
(Vector, Burlingame, CA, USA). Diaminobenzidine was used as the
chromogen. The sections were counterstained with hematoxylin.
Digital images of the anterior horn on both sides were captured
by the virtual slide system again. The SorCS2 immunoreactivity of
BBs was confirmed under a ×40 objective lens in each neuron on a
display.

Selected sections were double-immunolabeled with sheep poly-
clonal anti-SorCS2 (1:20) and rabbit polyclonal anti-cystatin C
(A0541; DakoCytomation, Glostrup, Denmark; 1:500) antibodies.
The secondary antibodies were Alexa Fluor 488 donkey anti-sheep
IgG (A-11015; Invitrogen, Carlsbad, CA, USA; 1:200) and Alexa
Fluor 594 donkey anti-rabbit IgG (A-21207; Invitrogen; 1:200).
The sections were examined with an Olympus Provis fluorescence
microscope (Olympus, Tokyo, Japan).

2.3. Semi-quantitative analysis

The numbers of neurons immunoreactive for sortilin, SorLA,
SorCS1, SorCS2 and SorCS3 in control subjects and patients with ALS
were assessed using a semi-quantitative rating scale: −, unstained;
+, weakly stained; ++, moderately or intensely stained. The stain-
ing intensity was first graded as − or ++, and any intensity that was
neither − nor ++ was defined as +. Three authors (FM, YM, KW),
experienced neuropathologists, rated immunostained sections of
ALS and control cases under blinded fashion. The proportions of sor-
tilin, SorLA, SorCS1, SorCS2 and SorCS3-positive neurons relative to
the total number of neurons were calculated in each case.
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Fig. 3. Contiguous sections stained with anti-SorCS2 antibody (a,b) and hematoxylin and eosin (c,d). Higher-magnification view of the area indicated by the asterisks in a
and c showing Bunina bodies (arrowheads) in the lumbar anterior horn of a patient with ALS (b,d). Bars in a and c = 50 �m. Bars in b and d = 10 �m.

2.4. Statistical analysis

Calculations were performed using Statcel software (OMS
Publishing, Tokorozawa, Japan). Statistical comparison was per-
formed with two-way factorial ANOVA. Values were expressed as
mean ± standard error of the mean. Correlations at p < 0.05 were
considered significant. Good interrater reliability was achieved by
three observers using the method, because the data from each rater
showed the same significant result.

3. Results

In normal controls, antibodies against sortilin, SorLA and SorCS3
moderately immunolabeled the cytoplasm of AHCs in a diffuse
granular pattern (Fig. 1a,c,i). With anti-SorCS1 and anti-SorCS2
antibodies, the cytoplasm of AHCs was barely immunolabeled, or
was unstained (Fig. 1e,g). In ALS, immunoreactivity for sortilin and
SorLA was decreased in the majority of AHCs (Fig. 1b,d). There
was no apparent difference in staining intensity of the neuronal
cytoplasm immunolabeled with anti-SorCS1, -SorCS2 or -SorCS3
between ALS patients and controls (Fig. 1f,h,j).

Semi-quantitative analysis showed that 20.2% of AHCs were
moderately or intensely immunolabeled with anti-sortilin anti-
body and that 60.5% were weakly immunolabeled in normal
controls (Fig. 2a, left). In ALS, 31.2% of AHCs showed weak
immunoreactivity and 68.8% were unstained (Fig. 2a, right). Simi-
larly, 27.0% of AHCs were moderately or intensely immunolabeled
with anti-SorLA antibody and 57.7% were weakly immunolabeled
in normal controls (Fig. 2b, left). In ALS patients, 15.6% of AHCs
showed weak immunoreactivity and the rest were unstained
(Fig. 2b, right). The differences in the staining intensity of AHCs
immunolabeled with anti-sortilin or anti-SorLA between ALS
patients and controls were statistically significant (p < 0.01). There
were no significant differences in immunoreactivity for SorCS1,
SorCS2 and SorCS3 between ALS patients and controls (Fig. 2c–e).

Although the cytoplasm of AHCs showed no or only weak
immunoreactivity for SorCS2, BBs were intensely immunolabeled
with anti-SorCS2 antibody (Fig. 3). Sequential staining of the
same sections with H&E and anti-SorCS2 antibody revealed that
almost all BBs were immunopositive for SorCS2 (90.9–100%, aver-
age 95.1%). No SorCS2-positive inclusions were observed in 4
cases of ALS, in which no BBs had been detected. No significant

Fig. 4. Double-labeling immunofluorescence demonstrating co-localization of SorCS2 and cystatin C in Bunina bodies in spinal anterior horn cells of a patient with ALS.
SorCS2 appears green (a) and cystatin C appears red (b). Overlap of SorCS2 and cystatin C appears yellow (c). Bars = 10 �m.
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immunoreactivity was detectable in sections from controls and ALS
cases treated with phosphate-buffered saline solution or by pre-
incubating the antibody (AF4238) with the corresponding synthetic
protein (4238-SR; R&D Systems, Inc.) (data not shown).

Double-label immunofluorescence revealed co-localization of
SorCS2 and cystatin C in BBs (Fig. 4). No significant immunoreactiv-
ity was detectable in negative reaction control sections incubated
without the primary antibodies.

4. Discussion

A number of genome-wide association studies and biochemical
studies have identified members of the VPS10Ps (sortilin, SorLA,
SorCS1, SorCS2 and SorCS3) that regulate endosomal sorting as risk
factors for neurodegenerative diseases [9]. In the present study,
we demonstrated that immunoreativity for sortilin and SorLA was
significantly decreased in AHCs from patients with ALS and that BBs
were immunoreactive for SorCS2, indicating that sortilin, SorLA and
SorCS2 are linked to the pathomechanism of ALS.

Sortilin functions as a trafficking receptor for both Trk receptors
and brain-derived neurotrophic factor through the secretory path-
way. Progranulin is targeted to the endosomal–lysosomal pathway
through a sortilin-dependent mechanism [9]. Haploinsufficiency
of progranulin is a common genetic cause of FTLD with TDP-43
aggregates. Progranulin levels were sharply increased upon TDP-
43 reduction and splicing of sortilin was altered [17]. TDP-43 is a
major constituent of inclusions in motor and non-motor neurons
in ALS and FTLD [1,14,22]. Decreased immunoreativity for sortilin
in AHCs of ALS might be associated with altered splicing of sortilin.

SorLA was the first member of the family of VPS10 proteins
to be genetically linked with late-onset AD [20], and SorLA muta-
tions have now also been suggested as causes of familial AD [18].
Subsequent in vitro and in vivo studies have shown that SorLA
is indeed required for endosome to TGN trafficking of amyloid
precursor protein [4,24]. Disruption of the VPS26 binding motif
within the SorLA cytoplasmic tail results in increased localiza-
tion of amyloid precursor protein to endosomal compartments and
increased amyloidogenic processing of amyloid precursor protein
to produce �-amyloid [4]. �-Amyloid has been reported to trigger
ALS-associated TDP-43 pathology in AD models [7]. These findings
suggest that decreased immunoreativity for SorLA in AHCs of ALS
might contribute to the pathomechanism of ALS.

We further demonstrated that BBs are immunoreactive for
SorCS2, a member of the VPS10Ps which play various roles in mem-
brane trafficking [9]. Our findings indicate that SorCS2 is another
immunohistochemical marker for BBs in addition to cystatin C [16],
which is a member of a super family of protease inhibitors, transfer-
rin, which is an iron-binding plasma protein [10], and peripherin,
which is a type III intermediate filament protein [11]. These three
proteins show moderate to strong positive reactions in the cyto-
plasm in almost all neurons without BBs, suggesting that they might
be incorporated into BBs. On the other hand, SorCS2 protein appears
to be less detectable in the cytoplasm of AHCs without BBs, sug-
gesting a different role of SorCS2 in the formation of BBs. SorCS2
is a member of the VPS10Ps, which have pleiotropic roles in pro-
tein trafficking and intra- and intercellular signaling in neuronal
and non-neuronal cells [9]. Ultrastructurally, BBs are considered to
originate from the endoplasmic reticulum [21,23], and cystatin C
is localized to the vesicular structures of BBs [13]. These findings
indicate that deposition of SorCS2 in BBs results from dysfunction
of protein trafficking and intra- and intercellular signaling, leading
to incorporation or mislocalization of cystatin C [16], transferrin
[10] and peripherin [11] into BBs.

Sortilin is a sorting receptor that directs target proteins, such as
growth factors, signaling receptors, and enzymes, to their destined

location in secretory or endocytic compartments of cells [2]. How-
ever, sortilin is not unique, and just one of five structurally related
VPS10Ps including SorCS2 [25]. Emerging evidence suggests that
VPS10Ps functionally cooperate, adding another level of complex-
ity to the molecular network in which sortilin acts [15]. SorCS2 has
been identified as a receptor that binds to pro-nerve growth factor,
thereby mediating acute collapse of growth cones of hippocampal
neurons [3]. SorCS2 has also been identified as a proneurotrophin
receptor, mediating both trophic and apoptotic signals in con-
junction with p75NTR [5]. These findings indicate that SorCS2 is
involved in regressive changes of neuronal cells. In the present
study, we have demonstrated that BBs, a specific hallmark of ALS,
are strongly immunopositive for SorCS2. These findings indicate
that, in ALS, SorCS2-positive BBs represent dysfunctional sorting of
certain cellular proteins to their destined location in AHCs.
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immunoreactivity was detectable in sections from controls and ALS
cases treated with phosphate-buffered saline solution or by pre-
incubating the antibody (AF4238) with the corresponding synthetic
protein (4238-SR; R&D Systems, Inc.) (data not shown).

Double-label immunofluorescence revealed co-localization of
SorCS2 and cystatin C in BBs (Fig. 4). No significant immunoreactiv-
ity was detectable in negative reaction control sections incubated
without the primary antibodies.

4. Discussion

A number of genome-wide association studies and biochemical
studies have identified members of the VPS10Ps (sortilin, SorLA,
SorCS1, SorCS2 and SorCS3) that regulate endosomal sorting as risk
factors for neurodegenerative diseases [9]. In the present study,
we demonstrated that immunoreativity for sortilin and SorLA was
significantly decreased in AHCs from patients with ALS and that BBs
were immunoreactive for SorCS2, indicating that sortilin, SorLA and
SorCS2 are linked to the pathomechanism of ALS.

Sortilin functions as a trafficking receptor for both Trk receptors
and brain-derived neurotrophic factor through the secretory path-
way. Progranulin is targeted to the endosomal–lysosomal pathway
through a sortilin-dependent mechanism [9]. Haploinsufficiency
of progranulin is a common genetic cause of FTLD with TDP-43
aggregates. Progranulin levels were sharply increased upon TDP-
43 reduction and splicing of sortilin was altered [17]. TDP-43 is a
major constituent of inclusions in motor and non-motor neurons
in ALS and FTLD [1,14,22]. Decreased immunoreativity for sortilin
in AHCs of ALS might be associated with altered splicing of sortilin.

SorLA was the first member of the family of VPS10 proteins
to be genetically linked with late-onset AD [20], and SorLA muta-
tions have now also been suggested as causes of familial AD [18].
Subsequent in vitro and in vivo studies have shown that SorLA
is indeed required for endosome to TGN trafficking of amyloid
precursor protein [4,24]. Disruption of the VPS26 binding motif
within the SorLA cytoplasmic tail results in increased localiza-
tion of amyloid precursor protein to endosomal compartments and
increased amyloidogenic processing of amyloid precursor protein
to produce �-amyloid [4]. �-Amyloid has been reported to trigger
ALS-associated TDP-43 pathology in AD models [7]. These findings
suggest that decreased immunoreativity for SorLA in AHCs of ALS
might contribute to the pathomechanism of ALS.

We further demonstrated that BBs are immunoreactive for
SorCS2, a member of the VPS10Ps which play various roles in mem-
brane trafficking [9]. Our findings indicate that SorCS2 is another
immunohistochemical marker for BBs in addition to cystatin C [16],
which is a member of a super family of protease inhibitors, transfer-
rin, which is an iron-binding plasma protein [10], and peripherin,
which is a type III intermediate filament protein [11]. These three
proteins show moderate to strong positive reactions in the cyto-
plasm in almost all neurons without BBs, suggesting that they might
be incorporated into BBs. On the other hand, SorCS2 protein appears
to be less detectable in the cytoplasm of AHCs without BBs, sug-
gesting a different role of SorCS2 in the formation of BBs. SorCS2
is a member of the VPS10Ps, which have pleiotropic roles in pro-
tein trafficking and intra- and intercellular signaling in neuronal
and non-neuronal cells [9]. Ultrastructurally, BBs are considered to
originate from the endoplasmic reticulum [21,23], and cystatin C
is localized to the vesicular structures of BBs [13]. These findings
indicate that deposition of SorCS2 in BBs results from dysfunction
of protein trafficking and intra- and intercellular signaling, leading
to incorporation or mislocalization of cystatin C [16], transferrin
[10] and peripherin [11] into BBs.

Sortilin is a sorting receptor that directs target proteins, such as
growth factors, signaling receptors, and enzymes, to their destined

location in secretory or endocytic compartments of cells [2]. How-
ever, sortilin is not unique, and just one of five structurally related
VPS10Ps including SorCS2 [25]. Emerging evidence suggests that
VPS10Ps functionally cooperate, adding another level of complex-
ity to the molecular network in which sortilin acts [15]. SorCS2 has
been identified as a receptor that binds to pro-nerve growth factor,
thereby mediating acute collapse of growth cones of hippocampal
neurons [3]. SorCS2 has also been identified as a proneurotrophin
receptor, mediating both trophic and apoptotic signals in con-
junction with p75NTR [5]. These findings indicate that SorCS2 is
involved in regressive changes of neuronal cells. In the present
study, we have demonstrated that BBs, a specific hallmark of ALS,
are strongly immunopositive for SorCS2. These findings indicate
that, in ALS, SorCS2-positive BBs represent dysfunctional sorting of
certain cellular proteins to their destined location in AHCs.
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Abstract
Background: The supplementary motor area (SMA) makes multiple reciprocal 
connections to many areas of the cerebral cortices, such as the primary motor 
cortex (PMC), anterior cingulate cortex, and various regions in the parietal 
somatosensory cortex. In patients with SMA seizures, epileptic discharges from the 
SMA rapidly propagate to the PMC. We sought to determine whether near-infrared 
spectroscopy (NIRS) is able to intraoperatively display hemodynamic changes in 
epileptic network activities between the SMA and the PMC.
Case Descriptions: In a 60-year-old male with SMA seizures, we intraoperatively 
delivered a 500 Hz, 5-train stimulation to the medial cortical surface and 
measured the resulting hemodynamic changes in the PMC by calculating the 
oxyhemoglobin (HbO2) and deoxyhemoglobin (HbR) concentration changes 
during stimulation. No hemodynamic changes in the lateral cortex were observed 
during stimulation of the medial surface corresponding to the foot motor areas. In 
contrast, both HbO2 and HbR increased in the lateral cortex corresponding to the 
hand motor areas when the seizure onset zone was stimulated. In the premotor 
cortex and the lateral cortex corresponding to the trunk motor areas, hemodynamic 
changes showed a pattern of increased HbO2 with decreased HbR.
Conclusions: This is the first reported study using intraoperative NIRS to 
characterize the epileptic network activities between the SMA and PMC. Our 
intraoperative NIRS procedure may thus be useful in monitoring the activities of 
cortico-cortical neural pathways such as the language system.

Key  Words: Cortico-cortical activity, epilepsy, hemodynamic change, near-infrared 
spectroscopy, primary motor cortex, supplementary motor area

INTRODUCTION

Supplementary motor area (SMA) seizures are short in 
duration and characterized by abrupt, bilateral, tonic 

posturing of the extremities, and vocalization without 
loss of consciousness.[6] Epileptic discharges from 
the SMA can rapidly propagate through the primary 
motor cortex (PMC), anterior cingulate cortex (ACC), 
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and various parietal somatosensory areas, which form 
multiple reciprocal connections to the SMA.[2,4] Better 
understanding of the mechanisms of SMA propagation can 
be achieved through improved methods to probe cortical 
network activities associated with epileptic discharges 
from the SMA. For example, an ictal single photon 
emission computed tomography study indicated that 
seizure-associated hyperperfusion areas did not localize 
within the SMA, but rather spread to adjacent cortical 
regions ipsilateral to epileptic foci, such as the ACC and 
PMC.[1] Recently, we demonstrated using simultaneous 
transcranial near-infrared spectroscopy (NIRS) and 
electrocorticography (ECoG) recordings in a patient 
with SMA seizures that increased cerebral blood flow was 
observed from the epileptic discharges in the ipsilateral 
SMA and spread to the ipsilateral premotor cortex and 
PMC as well as the contralateral hemisphere.[7]

In a patient with SMA seizure, we used a novel 
4-probe device attached to the brain surface to conduct 
intraoperative NIRS from four probes to show increased 
blood flow in the PMC elicited by stimulation to the SMA. 
This is the first report to determine that intraoperative 
NIRS can reveal the cortico-cortical activities between 
the SMA and PMC. Moreover, by placing probes on the 
brain surface, we were able to obtain greater resolution 
than with transcranial NIRS methods. Our technique will 
thus allow improved mapping of cortico-cortical network 
activities intraoperatively.

CASE REPORT

A 60-year-old male presented with seizures a few months 
before admission to our hospital. His seizures were 
characterized by tonic posturing in the left extremities 
and occurred 3–4 times monthly. T2-weighted magnetic 
resonance (MR) imaging revealed a high intensity lesion 
in the medial surface of the right frontal lobe. The lesion 
was not enhanced by Gd on the T1-weighted MR images, 
and was suspected to be a low-grade glioma. In order to 
confirm the relationship between the lesion and the PMC 
corresponding to the lower extremities, subdural grid 
electrodes were placed to cover the lateral and medial 
surfaces adjacent to the PMC. Video-ECoG monitoring 
demonstrated seizure onset at the right medial surface 
corresponding to the SMA. The seizure activities rapidly 
propagated from the SMA to the lateral cortex, including 
the PMC.

Cortical electrical stimulation was performed for 
functional cortical mapping. A repetitive square wave with 
electrical currents of alternating polarity, a pulse width 
of 0.2 ms, and a frequency of 50 Hz were delivered for 
5 s (Nihon Koden, Corporation, Japan). Two neighboring 
electrodes, with an intensity of 2–5 mA, were stimulated 
in a bipolar manner. Positive motor and sensory areas 
were identified by positive motor response (i.e. muscle 

twitch) and subjective sensory sensation, respectively. 
To define the precise location of each electrode on 
the surface of the brain, subdural electrodes extracted 
from computed tomography (CT) images were 
co-registered to three-dimensional volume-rendered MR 
images (3.0 T) using image-analysis software (Zed-View, 
LEXI, Inc., Japan). The results of this functional cortical 
mapping are depicted in Figure 1. Cortical stimulation to 
the anterior and posterior areas of the seizure onset zone 
induced habitual seizures.

Before a partial resection of the lesion for pathology, 
intraoperative NIRS recording was performed upon 
stimulation of the placed subdural electrodes apparatus 
of the medial cortical surface. Constant current 
stimuli, consisting of five rectangular pulses with 2-ms 
interstimulus intervals, were generated and recorded 
with a Neuropac (Nihon Koden, Corporation, Japan). 
The cathode was positioned at Fz. Motor-evoked 
potentials were recorded from the abductor pollicis brevis 
and abductor halluces brevis muscles through paired 
stainless-steel needle electrodes inserted subdermally. 
The band-pass filter was set to a range of 5–3000 Hz. 
The applied stimuli were adjusted to the supra-threshold 
intensity.

For NIRS monitoring, we developed a novel device 
comprising of four recording probes spaced 1.5 cm 
apart and equipped with fixable spatula retractors at 
the tip of each probe to enable attachment to the brain 
surface [Figure 2a and b]. The four probes were set to 
cover the lateral cortex, including the PMC [Figure 2c]. 
NIRS was carried out with a 695/830 nm spectrometer 
equipped to our novel monitoring device (ETG-7100; 
HITACHI Medical, Japan). Emitting light intensity 
was adjusted to 1 mW (approximately one-fourth 

Figure 1: Results of video-electrocorticography (ECoG) monitoring 
and functional cortical mapping. 3D brain surface images showing 
recording electrodes (pale blue) and the brain tumor (green). The 
seizure onset zone (square) was confirmed to reside in the medial 
surface. The sites in which stimulation induced habitual seizures 
(closed square) were noted anterior and posterior to the seizure 
onset zone. Before partial tumor resection, both the foot motor 
area and seizure onset zone were stimulated for intraoperative 
NIRS study (stars). UE: Upper extremities, LE: Lower extremities, 
CS: Central sulcus
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Abstract
Background: The supplementary motor area (SMA) makes multiple reciprocal 
connections to many areas of the cerebral cortices, such as the primary motor 
cortex (PMC), anterior cingulate cortex, and various regions in the parietal 
somatosensory cortex. In patients with SMA seizures, epileptic discharges from the 
SMA rapidly propagate to the PMC. We sought to determine whether near-infrared 
spectroscopy (NIRS) is able to intraoperatively display hemodynamic changes in 
epileptic network activities between the SMA and the PMC.
Case Descriptions: In a 60-year-old male with SMA seizures, we intraoperatively 
delivered a 500 Hz, 5-train stimulation to the medial cortical surface and 
measured the resulting hemodynamic changes in the PMC by calculating the 
oxyhemoglobin (HbO2) and deoxyhemoglobin (HbR) concentration changes 
during stimulation. No hemodynamic changes in the lateral cortex were observed 
during stimulation of the medial surface corresponding to the foot motor areas. In 
contrast, both HbO2 and HbR increased in the lateral cortex corresponding to the 
hand motor areas when the seizure onset zone was stimulated. In the premotor 
cortex and the lateral cortex corresponding to the trunk motor areas, hemodynamic 
changes showed a pattern of increased HbO2 with decreased HbR.
Conclusions: This is the first reported study using intraoperative NIRS to 
characterize the epileptic network activities between the SMA and PMC. Our 
intraoperative NIRS procedure may thus be useful in monitoring the activities of 
cortico-cortical neural pathways such as the language system.

Key  Words: Cortico-cortical activity, epilepsy, hemodynamic change, near-infrared 
spectroscopy, primary motor cortex, supplementary motor area

INTRODUCTION

Supplementary motor area (SMA) seizures are short in 
duration and characterized by abrupt, bilateral, tonic 

posturing of the extremities, and vocalization without 
loss of consciousness.[6] Epileptic discharges from 
the SMA can rapidly propagate through the primary 
motor cortex (PMC), anterior cingulate cortex (ACC), 
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and various parietal somatosensory areas, which form 
multiple reciprocal connections to the SMA.[2,4] Better 
understanding of the mechanisms of SMA propagation can 
be achieved through improved methods to probe cortical 
network activities associated with epileptic discharges 
from the SMA. For example, an ictal single photon 
emission computed tomography study indicated that 
seizure-associated hyperperfusion areas did not localize 
within the SMA, but rather spread to adjacent cortical 
regions ipsilateral to epileptic foci, such as the ACC and 
PMC.[1] Recently, we demonstrated using simultaneous 
transcranial near-infrared spectroscopy (NIRS) and 
electrocorticography (ECoG) recordings in a patient 
with SMA seizures that increased cerebral blood flow was 
observed from the epileptic discharges in the ipsilateral 
SMA and spread to the ipsilateral premotor cortex and 
PMC as well as the contralateral hemisphere.[7]

In a patient with SMA seizure, we used a novel 
4-probe device attached to the brain surface to conduct 
intraoperative NIRS from four probes to show increased 
blood flow in the PMC elicited by stimulation to the SMA. 
This is the first report to determine that intraoperative 
NIRS can reveal the cortico-cortical activities between 
the SMA and PMC. Moreover, by placing probes on the 
brain surface, we were able to obtain greater resolution 
than with transcranial NIRS methods. Our technique will 
thus allow improved mapping of cortico-cortical network 
activities intraoperatively.

CASE REPORT

A 60-year-old male presented with seizures a few months 
before admission to our hospital. His seizures were 
characterized by tonic posturing in the left extremities 
and occurred 3–4 times monthly. T2-weighted magnetic 
resonance (MR) imaging revealed a high intensity lesion 
in the medial surface of the right frontal lobe. The lesion 
was not enhanced by Gd on the T1-weighted MR images, 
and was suspected to be a low-grade glioma. In order to 
confirm the relationship between the lesion and the PMC 
corresponding to the lower extremities, subdural grid 
electrodes were placed to cover the lateral and medial 
surfaces adjacent to the PMC. Video-ECoG monitoring 
demonstrated seizure onset at the right medial surface 
corresponding to the SMA. The seizure activities rapidly 
propagated from the SMA to the lateral cortex, including 
the PMC.

Cortical electrical stimulation was performed for 
functional cortical mapping. A repetitive square wave with 
electrical currents of alternating polarity, a pulse width 
of 0.2 ms, and a frequency of 50 Hz were delivered for 
5 s (Nihon Koden, Corporation, Japan). Two neighboring 
electrodes, with an intensity of 2–5 mA, were stimulated 
in a bipolar manner. Positive motor and sensory areas 
were identified by positive motor response (i.e. muscle 

twitch) and subjective sensory sensation, respectively. 
To define the precise location of each electrode on 
the surface of the brain, subdural electrodes extracted 
from computed tomography (CT) images were 
co-registered to three-dimensional volume-rendered MR 
images (3.0 T) using image-analysis software (Zed-View, 
LEXI, Inc., Japan). The results of this functional cortical 
mapping are depicted in Figure 1. Cortical stimulation to 
the anterior and posterior areas of the seizure onset zone 
induced habitual seizures.

Before a partial resection of the lesion for pathology, 
intraoperative NIRS recording was performed upon 
stimulation of the placed subdural electrodes apparatus 
of the medial cortical surface. Constant current 
stimuli, consisting of five rectangular pulses with 2-ms 
interstimulus intervals, were generated and recorded 
with a Neuropac (Nihon Koden, Corporation, Japan). 
The cathode was positioned at Fz. Motor-evoked 
potentials were recorded from the abductor pollicis brevis 
and abductor halluces brevis muscles through paired 
stainless-steel needle electrodes inserted subdermally. 
The band-pass filter was set to a range of 5–3000 Hz. 
The applied stimuli were adjusted to the supra-threshold 
intensity.

For NIRS monitoring, we developed a novel device 
comprising of four recording probes spaced 1.5 cm 
apart and equipped with fixable spatula retractors at 
the tip of each probe to enable attachment to the brain 
surface [Figure 2a and b]. The four probes were set to 
cover the lateral cortex, including the PMC [Figure 2c]. 
NIRS was carried out with a 695/830 nm spectrometer 
equipped to our novel monitoring device (ETG-7100; 
HITACHI Medical, Japan). Emitting light intensity 
was adjusted to 1 mW (approximately one-fourth 

Figure 1: Results of video-electrocorticography (ECoG) monitoring 
and functional cortical mapping. 3D brain surface images showing 
recording electrodes (pale blue) and the brain tumor (green). The 
seizure onset zone (square) was confirmed to reside in the medial 
surface. The sites in which stimulation induced habitual seizures 
(closed square) were noted anterior and posterior to the seizure 
onset zone. Before partial tumor resection, both the foot motor 
area and seizure onset zone were stimulated for intraoperative 
NIRS study (stars). UE: Upper extremities, LE: Lower extremities, 
CS: Central sulcus
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of scalp NIRS). The oxyhemoglobin (HbO2) and 
deoxyhemoglobin (HbR) concentration changes 
corresponding to medial surface stimulation in each 
session were calculated for each segment, which consisted 
of a 30 s intervals comprising of a prestimulation 
block (10 s), a stimulation block, and a poststimulation 
block (20 s). Each session was repeated five times. The 
present study was approved by the Institutional Review 
Board Committee at the Niigata University School of 
Medicine, and informed consent was obtained from the 
patients (IRB#1559).

In the results, no hemodynamic changes were 
observed during stimulation of the medial surface 
corresponding to the foot motor areas at the intensity 
of 20 mA [Figure 3A]. In contrast, both HbO2 and HbR 
increased in the lateral cortex corresponding to the hand 
motor areas when the seizure onset zone was stimulated 
at an intensity of 16 mA [b and c in Figure 3B]. In the 
lateral cortex corresponding to the trunk motor areas and 
the premotor cortex, hemodynamic changes showed a 
pattern of increased HbO2 with decreased HbR [a and d 
in Figure 3B].

DISCUSSION

To our knowledge, this is the first report using 
intraoperative NIRS during cortical stimulation to 
demonstrate cortico-cortical activity between the SMA 
and PMC. We observed that stimulation of the foot 
motor area elicited no detectable hemodynamic responses 
in the lateral cortex, whereas stimulation to the seizure 
onset zone elicited hemodynamic responses at all four 
probes despite the stimulation intensity decreasing from 
20 to 16 mA. These results likely reflected the epileptic 
network activities between the SMA and PMC.

It should be noted that we used high frequency 
stimulation (5-trains, 500 Hz) in the present study, 
because we were concerned that 50 Hz-stimulation to the 
seizure onset zone during surgery and functional mapping 
might induce seizures. Previously, we characterized 
hemodynamic connectivity in the language system in 
a patient with temporal lobe epilepsy.[8] In this study, 
50 Hz-stimulation in the left superior temporal gyrus via 
subdural electrode contacts gave rise to hemodynamic 
increases in the inferior frontal gyrus, indicating a strong 
connection to the stimulation site. In a cortico-cortical 
evoked potential study,[5] stimulation of the foot motor 
cortex elicited responses in the pre- and postcentral 
gyrus. Thus, 50 Hz-stimulation of the foot motor areas, 
rather than 500 Hz employed in our present experiments, 
might induce hemodynamic changes in the lateral cortex 
as well.

In this study, high frequency stimulation caused the 
hemodynamic changes characterized by increase in both 
HbO2 and HbR in the lateral cortex corresponding to the 
hand motor areas. This phenomenon was also observed 
in a study of the language system of the frontal and 
temporal cortex using simultaneous NIRS and ECoG 
recordings during cortical stimulation.[8] In contrast, in 
the areas corresponding to the trunk motor areas and 
premotor cortex, hemodynamic changes showed a pattern 
of increased HbO2 with decreased HbR as is typical 
of task-evoked hemodynamic changes. In a previous 
NIRS study carried out simultaneously with cortical 
stimulation via subdural electrodes,[3] 50 Hz-stimulation 
produced significant increases in both HbO2 and HbR 
at the stimulation site and surrounding areas, while 
5 Hz-stimulation produced a localized increase in HbO2 
and a decrease in HbR. An increase in HbO2 with an 

Figure 2: (a) Our novel device for the intracranial setting of four 
NIRS probes. The inter-probe distance was 1.5 cm. (b) Four probes 
were equipped to the NIRS devices. (c) During surgery, the novel 
device and its four probes were wrapped by a sterilized cover. The 
device was fixed by spatula retractors at the tip of each probe for 
attachment to the brain surface. The probes were placed to cover 
the lateral cortex including the primary motor cortex 
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Figure 3: Time course changes of HbO2 and HbR in the lateral 
cortex. The left picture shows the relationship between the 
sites of each of the four probes (circle) and subdural electrodes. 
Recording sites of NIRS were a, b, c, and d. CS: Central sulcus. (A) 
No hemodynamic changes were noted in any sites, when the foot 
motor area was stimulated at the intensity of 20 mA. (B) Both 
HbO2 and HbR increased in the hand motor areas when the seizure 
onset zone was stimulated at an intensity of 16 mA (b and c). In the 
trunk motor areas (a) and the premotor cortex (d), hemodynamic 
changes showed a pattern of increased HbO2 with decreased HbR
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associated increase in HbR is thus indicative of higher 
levels of neural activity and indicates that oxygen 
consumption exceeds oxygen delivery via the blood 
supply.

These findings also suggest that stronger stimulations 
to the brain surface may likely induce increases in both 
HbO2 and HbR not only in stimulation sites but also 
in remote areas that make strong neuronal connections 
to the stimulation sites. This implies that areas with 
robust connections areas are prone to seizure spread, 
even if remote, and that their connectivity will be 
reflected in the NIRS data. For instance, in the present 
study, hand motor cortex exhibited increases in both 
HbO2 and HbR upon stimulation of the seizure onset 
zone. Oxygen consumption exceeded the rate of oxygen 
delivery, because the two areas had robust connections 
that lay within one of the epileptic networks. However, 
in the trunk motor and premotor cortex, which were 
conceivably not located within main epileptic networks 
and weakly connected to the seizure onset zone, the 
rate of oxygen consumption did not exceed the rate of 
delivery. Further studies are needed to clarify and extend 
the implications and relevance of such hemodynamic 
changes in resolving epileptic networks and more weakly 
connected surrounding areas.

In this study, we employed intraoperative NIRS from 
four probes to demonstrate that abnormal connectivity 
between regions of cortex characterizes epileptic 
network activities. Our results highlight the capability 
of intraoperative NIRS to provide us with useful 
information about the dynamics of cortico-cortical 
activity at high resolution and without artefacts due 
to scalp blood flow. This approach can thus expand on 
previous studies using NIRS scalp recordings, such as 
our description of hemodynamic connectivity between 
the superior temporal and inferior frontal cortex in 
the language system. The additional ability to make 
simultaneous electrical recording would enhance the level 
of information obtained through this approach. Recently, 
a thin flexible probe, with a probe head of 5.6 × 10 mm 
and the total thickness of 0.7 mm, was developed 
for simultaneous recording of NIRS and ECoG,[9] by 
integrating near-infrared light-emitting diodes and 
photodiodes for NIRS measurement placed on the brain 
surface and ECoG electrodes. In their initial experimental 
study using this novel device, these researchers reported 
hemodynamic changes associated with both focal brain 
cooling and hyperventilation. If such small devices 

were made widely available and applied in patients 
undergoing neurosurgery, it could be used to further our 
understanding of cortico-cortical projections and expand 
on intraoperative NRIS studies.[8]

CONCLUSIONS

In a patient with SMA seizures, we employed 
intraoperative NIRS to demonstrate hemodynamic 
changes between the SMA, corresponding to the seizure 
onset zone, and the lateral PMC, corresponding to the 
seizure propagation areas. This is the first report to report 
that NIRS can reveal cortico-cortical activities from the 
brain surface intraoperatively. In the future, intraoperative 
NIRS will be useful in monitoring cortico-cortical 
activities such as in the language system and other 
cortical processes.
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of scalp NIRS). The oxyhemoglobin (HbO2) and 
deoxyhemoglobin (HbR) concentration changes 
corresponding to medial surface stimulation in each 
session were calculated for each segment, which consisted 
of a 30 s intervals comprising of a prestimulation 
block (10 s), a stimulation block, and a poststimulation 
block (20 s). Each session was repeated five times. The 
present study was approved by the Institutional Review 
Board Committee at the Niigata University School of 
Medicine, and informed consent was obtained from the 
patients (IRB#1559).

In the results, no hemodynamic changes were 
observed during stimulation of the medial surface 
corresponding to the foot motor areas at the intensity 
of 20 mA [Figure 3A]. In contrast, both HbO2 and HbR 
increased in the lateral cortex corresponding to the hand 
motor areas when the seizure onset zone was stimulated 
at an intensity of 16 mA [b and c in Figure 3B]. In the 
lateral cortex corresponding to the trunk motor areas and 
the premotor cortex, hemodynamic changes showed a 
pattern of increased HbO2 with decreased HbR [a and d 
in Figure 3B].

DISCUSSION

To our knowledge, this is the first report using 
intraoperative NIRS during cortical stimulation to 
demonstrate cortico-cortical activity between the SMA 
and PMC. We observed that stimulation of the foot 
motor area elicited no detectable hemodynamic responses 
in the lateral cortex, whereas stimulation to the seizure 
onset zone elicited hemodynamic responses at all four 
probes despite the stimulation intensity decreasing from 
20 to 16 mA. These results likely reflected the epileptic 
network activities between the SMA and PMC.

It should be noted that we used high frequency 
stimulation (5-trains, 500 Hz) in the present study, 
because we were concerned that 50 Hz-stimulation to the 
seizure onset zone during surgery and functional mapping 
might induce seizures. Previously, we characterized 
hemodynamic connectivity in the language system in 
a patient with temporal lobe epilepsy.[8] In this study, 
50 Hz-stimulation in the left superior temporal gyrus via 
subdural electrode contacts gave rise to hemodynamic 
increases in the inferior frontal gyrus, indicating a strong 
connection to the stimulation site. In a cortico-cortical 
evoked potential study,[5] stimulation of the foot motor 
cortex elicited responses in the pre- and postcentral 
gyrus. Thus, 50 Hz-stimulation of the foot motor areas, 
rather than 500 Hz employed in our present experiments, 
might induce hemodynamic changes in the lateral cortex 
as well.

In this study, high frequency stimulation caused the 
hemodynamic changes characterized by increase in both 
HbO2 and HbR in the lateral cortex corresponding to the 
hand motor areas. This phenomenon was also observed 
in a study of the language system of the frontal and 
temporal cortex using simultaneous NIRS and ECoG 
recordings during cortical stimulation.[8] In contrast, in 
the areas corresponding to the trunk motor areas and 
premotor cortex, hemodynamic changes showed a pattern 
of increased HbO2 with decreased HbR as is typical 
of task-evoked hemodynamic changes. In a previous 
NIRS study carried out simultaneously with cortical 
stimulation via subdural electrodes,[3] 50 Hz-stimulation 
produced significant increases in both HbO2 and HbR 
at the stimulation site and surrounding areas, while 
5 Hz-stimulation produced a localized increase in HbO2 
and a decrease in HbR. An increase in HbO2 with an 

Figure 2: (a) Our novel device for the intracranial setting of four 
NIRS probes. The inter-probe distance was 1.5 cm. (b) Four probes 
were equipped to the NIRS devices. (c) During surgery, the novel 
device and its four probes were wrapped by a sterilized cover. The 
device was fixed by spatula retractors at the tip of each probe for 
attachment to the brain surface. The probes were placed to cover 
the lateral cortex including the primary motor cortex 
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Figure 3: Time course changes of HbO2 and HbR in the lateral 
cortex. The left picture shows the relationship between the 
sites of each of the four probes (circle) and subdural electrodes. 
Recording sites of NIRS were a, b, c, and d. CS: Central sulcus. (A) 
No hemodynamic changes were noted in any sites, when the foot 
motor area was stimulated at the intensity of 20 mA. (B) Both 
HbO2 and HbR increased in the hand motor areas when the seizure 
onset zone was stimulated at an intensity of 16 mA (b and c). In the 
trunk motor areas (a) and the premotor cortex (d), hemodynamic 
changes showed a pattern of increased HbO2 with decreased HbR
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associated increase in HbR is thus indicative of higher 
levels of neural activity and indicates that oxygen 
consumption exceeds oxygen delivery via the blood 
supply.

These findings also suggest that stronger stimulations 
to the brain surface may likely induce increases in both 
HbO2 and HbR not only in stimulation sites but also 
in remote areas that make strong neuronal connections 
to the stimulation sites. This implies that areas with 
robust connections areas are prone to seizure spread, 
even if remote, and that their connectivity will be 
reflected in the NIRS data. For instance, in the present 
study, hand motor cortex exhibited increases in both 
HbO2 and HbR upon stimulation of the seizure onset 
zone. Oxygen consumption exceeded the rate of oxygen 
delivery, because the two areas had robust connections 
that lay within one of the epileptic networks. However, 
in the trunk motor and premotor cortex, which were 
conceivably not located within main epileptic networks 
and weakly connected to the seizure onset zone, the 
rate of oxygen consumption did not exceed the rate of 
delivery. Further studies are needed to clarify and extend 
the implications and relevance of such hemodynamic 
changes in resolving epileptic networks and more weakly 
connected surrounding areas.

In this study, we employed intraoperative NIRS from 
four probes to demonstrate that abnormal connectivity 
between regions of cortex characterizes epileptic 
network activities. Our results highlight the capability 
of intraoperative NIRS to provide us with useful 
information about the dynamics of cortico-cortical 
activity at high resolution and without artefacts due 
to scalp blood flow. This approach can thus expand on 
previous studies using NIRS scalp recordings, such as 
our description of hemodynamic connectivity between 
the superior temporal and inferior frontal cortex in 
the language system. The additional ability to make 
simultaneous electrical recording would enhance the level 
of information obtained through this approach. Recently, 
a thin flexible probe, with a probe head of 5.6 × 10 mm 
and the total thickness of 0.7 mm, was developed 
for simultaneous recording of NIRS and ECoG,[9] by 
integrating near-infrared light-emitting diodes and 
photodiodes for NIRS measurement placed on the brain 
surface and ECoG electrodes. In their initial experimental 
study using this novel device, these researchers reported 
hemodynamic changes associated with both focal brain 
cooling and hyperventilation. If such small devices 

were made widely available and applied in patients 
undergoing neurosurgery, it could be used to further our 
understanding of cortico-cortical projections and expand 
on intraoperative NRIS studies.[8]

CONCLUSIONS

In a patient with SMA seizures, we employed 
intraoperative NIRS to demonstrate hemodynamic 
changes between the SMA, corresponding to the seizure 
onset zone, and the lateral PMC, corresponding to the 
seizure propagation areas. This is the first report to report 
that NIRS can reveal cortico-cortical activities from the 
brain surface intraoperatively. In the future, intraoperative 
NIRS will be useful in monitoring cortico-cortical 
activities such as in the language system and other 
cortical processes.
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Abstract

Neuroendoscopy has become common in the field of pediatric neurosurgery. As an alternative procedure 
to cerebrospinal fluid shunt, endoscopic third ventriculostomy has been the routine surgical treatment 
for obstructive hydrocephalus. However, the indication is still debatable in infantile periods. The predic-
tors of late failure and how to manage are still unknown. Recently, the remarkable results of endoscopic 
choroid plexus coagulation in combination with third ventriculostomy, reported from experiences in  
Africa, present puzzling complexity. The current data on the role of neuroendoscopic surgery for pedi-
atric hydrocephalus is reported with discussion of its limitations and future perspectives, in this review.
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Introduction

The cerebrospinal fluid (CSF) shunt has long been 
the classic treatment for pediatric hydrocephalus. It 
can resolve nearly all forms of hydrocephalus, regard-
less of the etiology. It is a simple procedure that 
can aid in having a relatively normal life. However, 
its failure rate is significant. The reported rate of 
shunt malfunction in the first year of placement is 
approximately 30%, and about 10% per year thereafter. 
The risk of infection is between 5% and 10%. In 
addition, the high rates of shunt complication such  
as slit ventricle syndrome are unacceptable by current 
standards. Children with shunts are dependent on 
surgical maintenance throughout their lives.1–8) There-
fore, the advent of neuroendoscopy was received 
with enthusiasm. Endoscopic third ventriculostomy 
(ETV) has been a routine surgical practice for the 
past two decades and provides an alternative to 
the CSF shunt. It is a straightforward procedure 
for diversion of the CSF and does not require 
placing devices in children’s bodies. The utility 
and safety of ETV have been proven for obstruc-
tive hydrocephalus that occur secondary to aque-
ductal stenosis. However, for other indications, it 
is necessary to examine the anatomy and etiology, 
as well as the patient’s age. During follow-up after 

ETV, late failure can occur and may lead to rapid 
deterioration. The aim of this report is to review 
the current data on the use of neuroendoscopy in 
children and to discuss the limitations and future 
perspectives regarding this procedure. 

Patient Selection and ETV in Infants

ETV has two main purposes: to restore CSF commu-
nication between the ventricle and subarachnoid 
space and to reduce transmantle pulsatile stress 
by increasing compliance of the ventricular wall.9) 
Since the 1990s, patients with aqueductal stenosis 
have been considered ideal candidate for ETV.10,11) 
ETV quietly developed into a common procedure, 
without any prospective randomized trials comparing 
its efficacy to that of the CSF shunt. In spite of strict 
patient selection, the overall ETV success rate does 
not exceed 80%.12–16) However, as neuroendoscopic 
technology has evolved and pediatric neurosurgeons 
have gained experience with the procedure, the 
indications for ETV have broadened. For example, 
patients with hydrocephalus who had a previ-
ously failed shunt have become ETV candidates. 
The success rate of ETV for shunt malfunction is 
notable, around 80%.17–20) In recent years, the use of 
ETV to treat many pathological conditions has been 
debated. These include myelomeningocele, Chiari 
type 1 malformation, Dandy-Walker malformation, 
and previous meningitis or hemorrhage.14,19,21,22)Received December 11, 2014; Accepted January 22, 2015
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In infants, the benefits conferred by ETV may be 
considerable due to the high complication rate of 
CSF shunts. However, there are two concerns with 
the use of ETV in infants. The first is safety of the 
procedure, including the possibility of damage to the 
ventricular and cisternal structures during surgery, 
CSF leakage, or infection soon after surgery and late 
closure of the stoma with rapid deterioration. The 
second concern is that an infant successfully treated 
with ETV may be transformed from active hydro-
cephalus to an arrested type. These infants often 
have larger ventricles than children treated with CSF 
shunts. No study has attempted to correlate the larger 
ventricle size with any measurements of psychomotor 
development. According to reports from a multitude 
of international studies, the shunt independence rate 
ranges from 25% to 89%.23–28) Two-thirds of the reports 
suggested that success rate is dependent on age of 
the infant at the time of ETV.29–34) To increase ETV 
success rates, greater accuracy of appropriate patients 
would be advised. However, because of the high rate 
of shunt failure and complication, ETV is sometimes 
preferred as a first-line treatment. Further, the range 
of what is defined as failure in this age group is very 
wide. A multicenter prospective randomized study 
on infants up to 2 years of age with no flow at the 
level of the aqueduct, named the International Infant 
Hydrocephalus Study (IIHS) is now under way. This 
study focuses primarily on the neurodevelopmental 
outcomes associated with different treatment paradigms 
at 5 years, and includes a comprehensive assessment 
of relevant risks and benefits.35)

Failed ETV and Its Management

ETV failure is a possible event. Although most failures 
from ETV occur in the early period, within a few days 
to 2 weeks following the procedure, late failure after 
many months may lead to rapid deterioration and 
even sudden death. A rapid increase in intracranial 
pressure caused by late obstruction of the stoma is 
typically regarded as the mechanism of failure.36–42) 
Early failure is attributed to the incorrect surgical 
technique or different criteria in the selection of 
patients. However, the predictors of late failure are 
still unknown. Therefore, patients who have undergone 
successful ETV should be followed on an ongoing 
basis. Neurosurgeons should encourage patients and 
their parents to return as soon as possible if any 
adverse symptoms develop, because these may have 
severe consequences.43) Setting the CSF reservoir 
concurrently with ETV is one option for the treat-
ment of emergencies, even though it means implan-
tation of a foreign material. In Japan, a follow-up  
magnetic resonance imaging (MRI) examination 

including sagittal T2-weighted images, cine-MRI, 
or constructive interference in steady state (CISS) 
is often scheduled to detect the CSF flow across 
the stoma. However, there is currently no evidence 
regarding whether the patients with no flow on MRI 
following ETV may be at a greater risk to develop 
clinical symptoms. For these patients, a repeat ETV 
may be performed immediately rather than close 
observation. In the literature, repeat ETV has a good 
success rate.32,44–49) Therefore, this is one option for 
patients with a failed ETV, and it provides a means 
of even avoiding the CSF shunt.

ETV vs. Aqueductoplasty

Endoscopic aqueductoplasty (EAP) is a means 
to restore the physiological CSF dynamics. This 
procedure provides an alternative to ETV, because 
it avoids the risk of severe arterial bleeding. EAP 
has been performed in cases with membranous or 
short segmental occlusion of the sylvian aqueduct. 
However, the long-term results of EAP have not 
been as successful as one would expect.50–54) EAP 
has been shown to fail frequently. Schroeder et al. 
reported a re-closure rate of 50%, and proposed that 
one contributing factor to re-closure could be lower 
aqueductal CSF flow through the stoma than that 
following ETV.55,56) In addition, aqueductoplasty is 
generally considered a riskier procedure due to the 
higher risk of injuring midbrain structures. It may 
lead to neurological deficits such as oculomotor or 
trochlear nerve palsy, Parinaud’s syndrome, and 
periaqueductal syndrome. Therefore, ETV, which 
has higher long-term success rates and less risk, 
would be a better alternative for membranous, short 
segmental, and even tumor-related occlusion of the 
aqueduct.55,57) However, the condition of isolated fourth 
ventricle (IFV) is an exception. Almost all patients 
with IFV have a medical history of hydrocephalus 
within first year of life, mostly post-infectious or 
post-hemorrhagic. Further, following shunt place-
ment, they often experience complicated overdrainage 
with aqueductal stenosis. Aqueductoplasty could 
be a means of establishing CSF communication 
to the formerly isolated ventricular compartment; 
however, a stent is mandatory to keep this pathway 
open. EAP with a stent could be one choice in the 
endoscopic treatment of IFV.50,53,55,57,58) 

ETV vs. CSF Shunt in Children

As described above, ETV has been widely applied for 
pediatric hydrocephalus as an alternative to the CSF 
shunt mainly in an attempt to avoid foreign body 
implantation and to better simulate physiological 
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CSF dynamics. However, the results of CSF shunt 
have rarely been compared to ETV. According to the 
pediatric study by de Ribaupierre et al., the failure 
rate of ETV was 26% and that of ventriculoperitoneal 
(VP) shunt was 42% at 5 years follow-up. In a review 
of the literature, the same trend was seen in other 
studies.59) Kulkarni et al. reported that the relative 
risk of ETV failure is initially higher than that for 
the CSF shunt. However, the risk became progres-
sively lower at approximately 3 months following 
the procedure, and was approximately half the 
risk of shunt failure at 2 years.60) The decrease in 
ventricle size is usually smaller and happens more 
slowly after ETV compared to shunt. Pediatric 
neurosurgeons are sometimes concerned about the 
relationship between these neuroimaging changes 
and neuropsychological outcomes. Hirsch reviewed 
that the postoperative intelligence quotient (IQ) was 
not significantly different in 70 patients with shunts 
vs. 44 who underwent percutaneous third ventricu-
lostomy.61) Other reports also have found similar 
results.62,63) Recently, Kulkarni et al. reported that 
at 1 year following surgery, the quality of life and 
IQ scores were not significantly different between 
an ETV and a VP shunt group.64,65) 

Challenging Procedure of ETV + CPC 

There has been a resurgence in the technique of 
choroid plexus coagulation (CPC) in combination 
with ETV ever since this procedure was performed 
for African children with hydrocephalus of various 
etiologies in 2005.66–73) Warf and colleagues high-
lighted that hydrocephalus with shunt dependency 
is inadvisable in developing countries because of 
limited access to medical centers in the event of 
shunt malfunction. In 2005, Warf and colleagues 
reported the results of a combined ETV + CPC trial 
performed mainly in infant with post-infectious 
hydrocephalus and in those with myelomeningocele. A 
total of 266 patients underwent ETV + CPC, whereas 
ETV alone was performed in 284 patients. The 
results demonstrated that the ETV + CPC increased 
the success rate in infants from 47% to 66%.66) In 
2008, they reported the long-term results of ETV +  
CPC in hydrocephalus with myelomeningocele. The 
intention-to-treat analysis showed a shunt inde-
pendence rate of 76% in 338 infants, which was 
higher than the results of ETV alone reported in the 
literature.22,32,67) Further analyses regarding ETV +  
CPC performed in patients with encephalocele, 
Dandy-Walker complex, and congenital aqueductal 
stenosis have been conducted using their database.70–72) 
The success rates achieved were between 70% and 
80%. However, all pediatric neurosurgeons should 

be cautious about the meaning of “success.” In these 
reports, success usually referred to controlling raised 
intracranial pressure and avoiding an extra-cranial CSF 
shunt. Cognitive function was not the main outcome 
index. In addition, all these results have been reported 
from Africa. In the coming years, the challenge will 
be to see whether these results from Africa can be 
extrapolated to developed countries.74) The main 
advantage of ETV + CPC was avoidance of a shunt 
in patients who were difficult to follow-up. In Africa, 
geographic and socioeconomic constraints reasons 
for poor follow-up. The low possibility of cognitive 
salvage or the high rate of shunt complications, such 
as holoprosencephaly or hydroanencephaly, may be 
further reasons in developed nations. Technically, 
Warf and colleagues used a steerable endoscope via 
a single burr hole, sometimes in combination with 
septostomy, and coagulated the bilateral choroid 
plexus from the foramen of Monro to the entrance 
of the temporal horn.66,73) This procedure appeared to 
be safe in some cases of severely dilated ventricles. 
For Japanese neuroendoscopic surgeons, the flex-
ible endoscope is more familiar than it is in other 
European nations. Nevertheless, almost all pediatric 
neurosurgeons still believe that the use of ETV + CPC 
in pediatric hydrocephalus needs further evaluation.

Conclusion

It is difficult to determine the best strategy for CSF 
diversion in pediatric hydrocephalus. ETV is one 
of the alternative procedures to the CSF shunt in 
conditions of obstructive hydrocephalus such as 
aqueductal stenosis. However, the preferred indica-
tions in infants have not been fully determined. The 
mechanisms and predictors of late ETV failure that 
might cause rapid deterioration are not still known. 
Recently, other clinical dilemmas, such as the use 
of ETV + CPC have arisen. Definition of the optimal 
indications, perfection of endoscopic techniques, 
developing strategies for follow-up, and consid-
ering socioeconomic constraints are required from 
pediatric neurosurgeons when selecting a surgical 
strategy in pediatric hydrocephalus.
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In the central nervous system, progranulin, a glycoprotein growth factor, plays a crucial role in maintaining physiological func-

tions, and progranulin gene mutations cause TAR DNA-binding protein-43-positive frontotemporal lobar degeneration. Although

several studies have reported that progranulin plays a protective role against ischaemic brain injury, little is known about temporal

changes in the expression level, cellular localization, and glycosylation status of progranulin after acute focal cerebral ischaemia. In

addition, the precise mechanisms by which progranulin exerts protective effects on ischaemic brain injury remains unknown.

Furthermore, the therapeutic potential of progranulin against acute focal cerebral ischaemia, including combination treatment

with tissue plasminogen activator, remains to be elucidated. In the present study, we aimed to determine temporal changes in the

expression and localization of progranulin after ischaemia as well as the therapeutic effects of progranulin on ischaemic brain

injury using in vitro and in vivo models. First, we demonstrated a dynamic change in progranulin expression in ischaemic Sprague-

Dawley rats, including increased levels of progranulin expression in microglia within the ischaemic core, and increased levels of

progranulin expression in viable neurons as well as induction of progranulin expression in endothelial cells within the ischaemic

penumbra. We also demonstrated that the fully glycosylated mature secretory isoform of progranulin (�88 kDa) decreased,

whereas the glycosylated immature isoform of progranulin (58–68 kDa) markedly increased at 24 h and 72 h after reperfusion.

In vitro experiments using primary cells from C57BL/6 mice revealed that the glycosylated immature isoform was secreted only

from the microglia. Second, we demonstrated that progranulin could protect against acute focal cerebral ischaemia by a variety of

mechanisms including attenuation of blood–brain barrier disruption, neuroinflammation suppression, and neuroprotection. We

found that progranulin could regulate vascular permeability via vascular endothelial growth factor, suppress neuroinflammation

after ischaemia via anti-inflammatory interleukin 10 in the microglia, and render neuroprotection in part by inhibition of cyto-

plasmic redistribution of TAR DNA-binding protein-43 as demonstrated in progranulin knockout mice (C57BL/6 background).

Finally, we demonstrated the therapeutic potential of progranulin against acute focal cerebral ischaemia using a rat autologous

thrombo-embolic model with delayed tissue plasminogen activator treatment. Intravenously administered recombinant progranulin

reduced cerebral infarct and oedema, suppressed haemorrhagic transformation, and improved motor outcomes (P = 0.007, 0.038,

0.007 and 0.004, respectively). In conclusion, progranulin may be a novel therapeutic target that provides vascular protection, anti-

neuroinflammation, and neuroprotection related in part to vascular endothelial growth factor, interleukin 10, and TAR DNA-

binding protein-43, respectively.
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Introduction
Progranulin (PGRN) is a secreted N-linked glycoprotein

growth factor implicated in tissue regeneration, wound re-

pair, and inflammation (He et al., 2003a). Several in vitro

studies have revealed that PGRN is classified into two iso-

forms according to its glycosylation status, the glycosylated

immature isoform (58–68 kDa) and the fully glycosylated

mature secretory isoform (�88 kDa) (Shankaran et al.,

2008; Naphade et al., 2010; Alquézar et al., 2014).

In the CNS, PGRN is considered to play a crucial role in

maintaining physiological functions and in the survival of

neurons for the following reasons: first, primary cortical

neurons derived from Pgrn knockout mice showed reduced

neuronal survival (Kleinberger et al., 2010); second, PGRN

has been shown to exhibit neurotrophic activity in vitro

(Van Damme et al., 2008) and in vivo (Laird et al.,

2010); and third, mutations in the Pgrn gene caused ubi-

quitin- and TAR DNA binding protein-positive frontotem-

poral lobar degeneration (FTLD-TDP), a progressive

neurodegenerative disorder with an autosomal dominant

inheritance pattern (Baker et al., 2006; Cruts et al., 2006).

Several studies raise the possibility that PGRN might be

involved in ischaemic brain injury. First, PGRN might play

a vascular protective role against focal cerebral ischaemia

via suppression of blood–brain barrier disruption. Recent

studies have demonstrated that intraventricular administra-

tion of recombinant PGRN could suppress cerebral oedema

in a mouse transient focal cerebral ischaemia (suture

model) (Egashira et al., 2013), and that Pgrn knockout

mice may prompt post-ischaemic blood–brain barrier dis-

ruption (Jackman et al., 2013).

Second, PGRN has been shown to be involved in neu-

roinflammation after ischaemic brain injury. Previous stu-

dies have demonstrated that PGRN was induced in

activated microglia after spinal cord injury (Naphade

et al., 2010) and traumatic brain injury (Tanaka et al.,

2013), indicating that the induction of PGRN reflects

microglial responses. Similarly, in ischaemic brain injury,

microglia have been shown to mediate expansion of the

infarct via inflammation in the acute phase (Mabuchi

et al., 2000; Yenari et al., 2010), while it might also con-

tribute to endogenous anti-inflammatory protection in the

subacute phase (Faustino et al., 2011). In this context,

recent studies suggested that PGRN might suppress secre-

tion of pro-inflammatory cytokines and recruitment of neu-

trophils associated with focal cerebral ischaemia (Tao et al.,

2012; Egashira et al., 2013). However, a recent study

showed that PGRN was not involved in neuroinflammation

related to acute focal cerebral ischaemia (Jackman et al.,

2013). Therefore, the role of PGRN in neuroinflammation

after ischaemic brain injury is controversial.

Third, PGRN might exhibit protective effects on neuronal

cells after acute focal cerebral ischaemia based on analyses

using transgenic mice expressing PGRN (Tao et al., 2012)

and Pgrn knockout mice (Jackman et al., 2013), although

the mechanism of neuroprotection remains unknown. We

previously demonstrated that ischaemic neuronal injury

might be caused in part by cleavage and cytoplasmic redis-

tribution of TARDBP (previously known as TDP-43), a key

protein in FTLD-TDP and amyotrophic lateral sclerosis

(Kanazawa et al., 2011b). Because PGRN can suppress

the cleavage of TARDBP via inhibiting caspase 3 (Zhang

et al., 2007; Kanazawa et al., 2011b), it raises the possi-

bility that PGRN may prevent ischaemic neuronal injury

via preservation of TARDBP functions.

Based on the abovementioned findings, we speculated

that PGRN could exert a positive therapeutic effect via

regulation of blood–brain barrier function, suppression of

inflammation, and neuroprotection against acute focal cere-

bral ischaemia. Here, we investigated temporal changes in

PGRN after focal cerebral ischaemia, including its cellular

expression, glycosylation status, and sources of secretion.

We also examined the role of PGRN in neuroinflammation

after ischaemic brain injury and the mechanisms of neuro-

vascular protective effects of PGRN. Moreover, we used a

rat autologous thrombo-embolic model (Okubo et al.,

2007), which shows cerebral oedema and haemorrhagic

transformation when tissue plasminogen activator (tPA) is

administered beyond the therapeutic time window
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Introduction
Progranulin (PGRN) is a secreted N-linked glycoprotein

growth factor implicated in tissue regeneration, wound re-

pair, and inflammation (He et al., 2003a). Several in vitro

studies have revealed that PGRN is classified into two iso-

forms according to its glycosylation status, the glycosylated

immature isoform (58–68 kDa) and the fully glycosylated

mature secretory isoform (�88 kDa) (Shankaran et al.,

2008; Naphade et al., 2010; Alquézar et al., 2014).

In the CNS, PGRN is considered to play a crucial role in

maintaining physiological functions and in the survival of

neurons for the following reasons: first, primary cortical

neurons derived from Pgrn knockout mice showed reduced

neuronal survival (Kleinberger et al., 2010); second, PGRN

has been shown to exhibit neurotrophic activity in vitro

(Van Damme et al., 2008) and in vivo (Laird et al.,

2010); and third, mutations in the Pgrn gene caused ubi-

quitin- and TAR DNA binding protein-positive frontotem-

poral lobar degeneration (FTLD-TDP), a progressive

neurodegenerative disorder with an autosomal dominant

inheritance pattern (Baker et al., 2006; Cruts et al., 2006).

Several studies raise the possibility that PGRN might be

involved in ischaemic brain injury. First, PGRN might play

a vascular protective role against focal cerebral ischaemia

via suppression of blood–brain barrier disruption. Recent

studies have demonstrated that intraventricular administra-

tion of recombinant PGRN could suppress cerebral oedema

in a mouse transient focal cerebral ischaemia (suture

model) (Egashira et al., 2013), and that Pgrn knockout

mice may prompt post-ischaemic blood–brain barrier dis-

ruption (Jackman et al., 2013).

Second, PGRN has been shown to be involved in neu-

roinflammation after ischaemic brain injury. Previous stu-

dies have demonstrated that PGRN was induced in

activated microglia after spinal cord injury (Naphade

et al., 2010) and traumatic brain injury (Tanaka et al.,

2013), indicating that the induction of PGRN reflects

microglial responses. Similarly, in ischaemic brain injury,

microglia have been shown to mediate expansion of the

infarct via inflammation in the acute phase (Mabuchi

et al., 2000; Yenari et al., 2010), while it might also con-

tribute to endogenous anti-inflammatory protection in the

subacute phase (Faustino et al., 2011). In this context,

recent studies suggested that PGRN might suppress secre-

tion of pro-inflammatory cytokines and recruitment of neu-

trophils associated with focal cerebral ischaemia (Tao et al.,

2012; Egashira et al., 2013). However, a recent study

showed that PGRN was not involved in neuroinflammation

related to acute focal cerebral ischaemia (Jackman et al.,

2013). Therefore, the role of PGRN in neuroinflammation

after ischaemic brain injury is controversial.

Third, PGRN might exhibit protective effects on neuronal

cells after acute focal cerebral ischaemia based on analyses

using transgenic mice expressing PGRN (Tao et al., 2012)

and Pgrn knockout mice (Jackman et al., 2013), although

the mechanism of neuroprotection remains unknown. We

previously demonstrated that ischaemic neuronal injury

might be caused in part by cleavage and cytoplasmic redis-

tribution of TARDBP (previously known as TDP-43), a key

protein in FTLD-TDP and amyotrophic lateral sclerosis

(Kanazawa et al., 2011b). Because PGRN can suppress

the cleavage of TARDBP via inhibiting caspase 3 (Zhang

et al., 2007; Kanazawa et al., 2011b), it raises the possi-

bility that PGRN may prevent ischaemic neuronal injury

via preservation of TARDBP functions.

Based on the abovementioned findings, we speculated

that PGRN could exert a positive therapeutic effect via

regulation of blood–brain barrier function, suppression of

inflammation, and neuroprotection against acute focal cere-

bral ischaemia. Here, we investigated temporal changes in

PGRN after focal cerebral ischaemia, including its cellular

expression, glycosylation status, and sources of secretion.

We also examined the role of PGRN in neuroinflammation

after ischaemic brain injury and the mechanisms of neuro-

vascular protective effects of PGRN. Moreover, we used a

rat autologous thrombo-embolic model (Okubo et al.,

2007), which shows cerebral oedema and haemorrhagic

transformation when tissue plasminogen activator (tPA) is

administered beyond the therapeutic time window
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(Kanazawa et al., 2011a; Kawamura et al., 2014) and

demonstrated for the first time that intravenous administra-

tion of recombinant PGRN showed therapeutic effects on

the volumes of cerebral infarct and oedema, haemorrhagic

transformation, and prognosis.

Materials and methods
This study was carried out in strict accordance with the rec-
ommendations from the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Niigata University
Administrative Panel on Laboratory Animal Care. All surgeries
were performed under inhalation and intraperitoneal anaesthe-
sia and according to the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines (Kilkenny
et al., 2010).

Focal cerebral ischaemia

Transient acute focal cerebral ischaemia was induced using the
intraluminal filament in male Sprague-Dawley rats weighing
300–370g and wild-type (C57BL/6) and Pgrn knockout mice
(C57BL/6 background) weighing 22–28g (Kanazawa et al.,
2011b). Briefly, anaesthesia was administered via inhalation of
1.5% halothane in a mixture of 70% nitrous oxide and 30%
oxygen for rats and with intraperitoneal injection 10mg/kg
xylazine and 300mg/kg chloral hydrate for mice. A nylon
monofilament, with a diameter of 0.148mm for rats and
0.074mm for mice, was used for suturing. The tip of the
nylon monofilament was rounded with heat. An 11-mm distal
suture segment was coated with 0.350mm diameter silicon for
rats, and a 4-mm distal suture segment was coated with
0.185mm diameter silicon for mice. Middle cerebral artery oc-
clusion was performed by insertion of the suture via an external
carotid artery into the internal carotid artery. After 90min of
ischaemia, the suture was withdrawn to restore blood flow.
Body core temperature monitored with a rectal probe was main-
tained at 37.0 � 0.5�C, using a heating pad. To exclude the
effects of anomalies of circle of Willis on the ischaemic size
and oedema in Pgrn knockout mice, we investigated patterns
of circle of Willis in both wild-type and Pgrn knockout mice
using transcardial perfusion with carbon black suspended in
saline (n5 7) (Supplementary Fig. 1; Özdemir et al., 1999).
The sample size was calculated before performing the experi-
ments. We calculated the sample size needed to detect the dif-
ference in the amount of cerebral haemorrhage or cerebral
oedema volume between the tPA with the recombinant PGRN
group and tPA with the control group with 80% power
(� = 0.05; one-sided analysis). Mice and rats were randomly
assigned to various experimental groups, and analyses were per-
formed by an investigator blinded to genotype and treatment.

Immunoblotting

The rats that survived for 10min, 4 h, 10 h, 18 h, 24 h, and
72 h after reperfusion were euthanized with an overdose of
halothane, followed by intracardiac perfusion with cold
normal saline. We defined ischaemic penumbra as the region
that was rescued by reperfusion, and the ischaemic core as the

region that was not rescued by reperfusion as described previ-
ously (Memezawa et al., 1992; Kanazawa et al., 2011b). The
cortical tissues corresponding to the ischaemic core or penum-
bra were dissected for immunoblotting as described
(Kanazawa et al., 2011b). Cortical tissues from the sham-
operated rats were also dissected as controls. For whole-cell
extracts, proteins from brain tissues were extracted as
described previously (Shimohata et al., 2007). The proteins
(50 mg) were subjected to tris-glycine sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE).
For the whole-cell extracts in vitro, cells were harvested in

cold cell lysis buffer (Cell Signaling Technology). Conditioned
media were collected and concentrated (30� ) using Amicon
Ultra-0.5 tubes (Millipore). Proteins (5 mg) in the samples were
separated by tris-glycine SDS-PAGE and were probed with
primary antibodies (Supplementary Table 1), followed by a
secondary horseradish peroxidase-conjugated antibody
(1:10 000). Signals were detected by an enhanced chemilumin-
escence (Millipore) and semiquantified by densitometry (n = 5).
The membranes were stripped and probed with an anti-b-actin
or an anti-transferrin antibody to confirm even loading of
proteins.

Immunofluorescence staining and
confocal microscopy

Rats and mice euthanized with an overdose inhalation of halo-
thane or intraperitoneal injection of xylazine chloral hydrate
were sacrificed by transcardial perfusion with normal saline
followed by perfusion with cold 4% paraformaldehyde in
0.1M phosphate-buffered saline (PBS; pH 7.4) at 24 h and
72 h after reperfusion. We stained free-floating sections as
described previously (Kanazawa et al., 2011b) and mounted
with Vectashield DAPI (Vector Laboratories). Information of
the primary antibodies is described in Supplementary Table 1.
The sections were examined under a confocal laser-scanning
microscope (LSM510 META; Carl Zeiss). The results were
confirmed in three independent samples.

Immunohistochemistry

Deeply anaesthetized rats and mice were perfused intracar-
dially with cold 4% paraformaldehyde at 24 h and 72 h after
reperfusion. The brains were removed and embedded in
paraffin wax. Serial sections (4-mm thick) were cut from the
paraffin blocks and stained using antibodies (Supplementary
Table 1). The immunoreactive products were visualized using
the ABC Vectastain kit (Vector Laboratories) and diaminoben-
zidine as the chromogen. The results were confirmed in three
independent samples.
To measure immunoreactivity, we used ImageJ software

1.37r (National Institutes of Health, Bethesda, MD, USA) as
described elsewhere (Krishnamurthy et al., 2009). Briefly,
images of the stained sections were visualized, examined
blindly, and seven randomly chosen non-overlapping high-
power fields (�400) covering the ischaemic cortex were ana-
lysed for both wild-type and Pgrn knockout mice (n = 21). For
each image field, the total number of pixels was quantified on
a grey scale (0–255). The levels of immunoreactivities were
expressed as the average density (mean pixel value in an
image field � SEM) for each experimental group.
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Measurement of the volume of the
cerebral infarct and oedema

At 24h after reperfusion, the rats and mice were given highly
concentrated halothane and deeply anaesthetized. After transcar-
dial perfusion with saline, the brains were extracted. The brains
were cut into 3-mm slices and stained with 2% 2, 3, 5-triphe-
nyltetrazolium chloride solution (#264310; BD, Franklin Lakes).
After staining, the slices were photographed with a scanner
(CanoScan LiDE 50; Canon Inc), and cerebral infarct volume
and cerebral oedema volume were measured with ImageJ soft-
ware 1.37r (National Institutes of Health, Bethesda, MD, USA)
according to the method described by Swanson et al. (1990).
These values were expressed as a proportion of the cerebral
hemisphere occupied. The analyses were performed by an inves-
tigator blinded to the genotype and treatment.

Neurological evaluations

Neurological evaluations were conducted at 24 h after reperfu-
sion with a 6-point neurological scale (Zausinger et al., 2000).
Specifically, grade 5 indicated no neurological findings, grade 4
indicated an inability to move forward with the foot on the
affected side, grade 3 indicated weak resistance to a force that
was applied from the side on a level surface, grade 2 indicated
turning to the affected side when pulled from behind on a level
surface, grade 1 indicated spontaneously turning to the
affected side, and grade 0 indicated an inability to move
spontaneously or death.

Pgrn knockout mice

Pgrn knockout mice were produced by breeding heterozygous
pairs in the Graduate School of Agricultural and Life Sciences,
at the University of Tokyo, and genotyped using previously
described protocols (Kayasuga et al., 2007). Additionally,
Pgrn knockout mice purchased from RIKEN BioResource
Centre (Tsukuba, Japan) were bred and maintained in the
Department of Comparative and Experimental Medicine,
Brain Research Institute, Niigata University. We used only
homozygous pairs to obtain Pgrn knockout pups. The mice
were maintained under controlled light (lights on, 05:00–
19:00), temperature (23 � 1�C), and humidity (55 � 10%)
and given free access to food and water.

C6 cell culture and analysis of
glycosylation

Rat C6 cells were grown in Opti-MEM� (Gibco/Invitrogen)
with 10% foetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were grown in Opti-MEM� without FBS
24 h before the experiments. Cells were harvested in cell lysis
buffer (Cell Signaling Technology) containing 1% TritonTM X-
100 and inhibitors for proteases and phosphatases (Sigma-
Aldrich). After centrifugation at 14 000 rpm for 5min (4�C),
the supernatants were collected. Additionally, conditioned
media were also obtained for immunoblotting. To analyse gly-
cosylation of PGRN, cell lysates and media were digested at
37�C with peptide-N-glycosidase F (PNGase F; New England
Biolabs) according to manufacturer’s instructions, in triplicate.

Primary cell cultures

Primary murine neuronal cells were prepared from the neocor-
tices of embryonic Day 17 C57Bl/6 mouse embryos (Takeuchi
et al., 2005). Briefly, cortical fragments were dissociated into
single cells in a dissociation solution (Sumitomo Bakelite) and
resuspended in nerve culture medium (Sumitomo Bakelite).
Neurons were plated onto poly-D-lysine-coated (P7405,
Sigma-Aldrich) six-well dishes (10 � 104 cells per well). The
purity of these neuronal cultures was 95% as determined by
NeuN-specific immunostaining (Takeuchi et al., 2005).
Primary murine microglia and astrocytes were obtained as

previously described (Milner et al., 2008). Primary mixed glial
cultures were established from the forebrains of postnatal
C57Bl/6 mice by dissociating isolated cerebral cortices in
papain and then growing the resulting cell suspension for 10
days in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% FBS. After 10 days, the flasks were shaken
for 15min to remove the loosely attached microglia. The purity
of these microglial cultures was 99% as determined by Mac-1
immunoreactivity in flow cytometry (Milner et al., 2008). For
astrocytes, the flasks were then shaken overnight to remove the
microglia and oligodendrocyte precursors. The remaining mono-
layer was determined as 495% astrocytes by glial fibrillary
acidic protein (GFAP) immunoreactivity (Milner et al., 2008).
To investigate the effect of microglia and astrocytes on se-

cretion of vascular endothelial growth factor (VEGF) from
astrocyte after oxygen glucose deprivation (OGD), we cultured
astrocytes with microglial conditioned media. Briefly, after we
performed OGD using primary murine microglia, we collected
the microglial low-glucose conditioned media. Then, we
removed the astrocytic high-glucose conditioned media and
washed thoroughly with PBS. We finally exchanged the PBS
for the collected microglial low-glucose conditioned media.
After overnight incubation under OGD condition, we mea-
sured the level of VEGF in the conditioned media using
VEGF Quantikine� ELISA Kit (RRV00, R&D Systems), ac-
cording to the manufacturer’s instructions (n = 6–7). IL10
levels in the conditioned media from microglia were also deter-
mined by a sandwich ELISA using the IL10 Quantikine�

ELISA Kit (M1000B, R&D Systems), according to the manu-
facturer’s instructions (n = 5–6).

Oxygen–glucose deprivation

The standardized conditions for OGD have been described in
detail elsewhere (Milner et al., 2008). Briefly, before induction
of OGD, serum-containing media was removed from the cell
cultures by washing twice thoroughly with PBS before adding
serum-free high glucose medium (4.5mg/l, DMEM containing
4mM L-glutamine, penicillin, and streptomycin, supplemented
with N1 medium) or low-glucose medium (1.0mg/l, supple-
mented with DMEM). The cultures containing low-glucose
medium were placed in a hypoxia chamber (Billups-
Rothenburg), which was flushed with a mixture of 95% N2

and 5% CO2 for 1 h, and then closed for 18 h or 24 h. Oxygen
levels decreased to 0.1–0.4% at 4 h and was maintained
throughout the experiment (del Zoppo et al., 2012).
To determine the effects of PGRN under OGD, we added

full-length recombinant mouse PGRN produced from HEK293
cells (AG-40A-0080, AdipoGen) into conditioned media. The
recombinant PGRN is N-glycosylated, as determined by a
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Measurement of the volume of the
cerebral infarct and oedema

At 24h after reperfusion, the rats and mice were given highly
concentrated halothane and deeply anaesthetized. After transcar-
dial perfusion with saline, the brains were extracted. The brains
were cut into 3-mm slices and stained with 2% 2, 3, 5-triphe-
nyltetrazolium chloride solution (#264310; BD, Franklin Lakes).
After staining, the slices were photographed with a scanner
(CanoScan LiDE 50; Canon Inc), and cerebral infarct volume
and cerebral oedema volume were measured with ImageJ soft-
ware 1.37r (National Institutes of Health, Bethesda, MD, USA)
according to the method described by Swanson et al. (1990).
These values were expressed as a proportion of the cerebral
hemisphere occupied. The analyses were performed by an inves-
tigator blinded to the genotype and treatment.

Neurological evaluations

Neurological evaluations were conducted at 24 h after reperfu-
sion with a 6-point neurological scale (Zausinger et al., 2000).
Specifically, grade 5 indicated no neurological findings, grade 4
indicated an inability to move forward with the foot on the
affected side, grade 3 indicated weak resistance to a force that
was applied from the side on a level surface, grade 2 indicated
turning to the affected side when pulled from behind on a level
surface, grade 1 indicated spontaneously turning to the
affected side, and grade 0 indicated an inability to move
spontaneously or death.

Pgrn knockout mice

Pgrn knockout mice were produced by breeding heterozygous
pairs in the Graduate School of Agricultural and Life Sciences,
at the University of Tokyo, and genotyped using previously
described protocols (Kayasuga et al., 2007). Additionally,
Pgrn knockout mice purchased from RIKEN BioResource
Centre (Tsukuba, Japan) were bred and maintained in the
Department of Comparative and Experimental Medicine,
Brain Research Institute, Niigata University. We used only
homozygous pairs to obtain Pgrn knockout pups. The mice
were maintained under controlled light (lights on, 05:00–
19:00), temperature (23 � 1�C), and humidity (55 � 10%)
and given free access to food and water.

C6 cell culture and analysis of
glycosylation

Rat C6 cells were grown in Opti-MEM� (Gibco/Invitrogen)
with 10% foetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were grown in Opti-MEM� without FBS
24 h before the experiments. Cells were harvested in cell lysis
buffer (Cell Signaling Technology) containing 1% TritonTM X-
100 and inhibitors for proteases and phosphatases (Sigma-
Aldrich). After centrifugation at 14 000 rpm for 5min (4�C),
the supernatants were collected. Additionally, conditioned
media were also obtained for immunoblotting. To analyse gly-
cosylation of PGRN, cell lysates and media were digested at
37�C with peptide-N-glycosidase F (PNGase F; New England
Biolabs) according to manufacturer’s instructions, in triplicate.

Primary cell cultures

Primary murine neuronal cells were prepared from the neocor-
tices of embryonic Day 17 C57Bl/6 mouse embryos (Takeuchi
et al., 2005). Briefly, cortical fragments were dissociated into
single cells in a dissociation solution (Sumitomo Bakelite) and
resuspended in nerve culture medium (Sumitomo Bakelite).
Neurons were plated onto poly-D-lysine-coated (P7405,
Sigma-Aldrich) six-well dishes (10 � 104 cells per well). The
purity of these neuronal cultures was 95% as determined by
NeuN-specific immunostaining (Takeuchi et al., 2005).
Primary murine microglia and astrocytes were obtained as

previously described (Milner et al., 2008). Primary mixed glial
cultures were established from the forebrains of postnatal
C57Bl/6 mice by dissociating isolated cerebral cortices in
papain and then growing the resulting cell suspension for 10
days in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% FBS. After 10 days, the flasks were shaken
for 15min to remove the loosely attached microglia. The purity
of these microglial cultures was 99% as determined by Mac-1
immunoreactivity in flow cytometry (Milner et al., 2008). For
astrocytes, the flasks were then shaken overnight to remove the
microglia and oligodendrocyte precursors. The remaining mono-
layer was determined as 495% astrocytes by glial fibrillary
acidic protein (GFAP) immunoreactivity (Milner et al., 2008).
To investigate the effect of microglia and astrocytes on se-

cretion of vascular endothelial growth factor (VEGF) from
astrocyte after oxygen glucose deprivation (OGD), we cultured
astrocytes with microglial conditioned media. Briefly, after we
performed OGD using primary murine microglia, we collected
the microglial low-glucose conditioned media. Then, we
removed the astrocytic high-glucose conditioned media and
washed thoroughly with PBS. We finally exchanged the PBS
for the collected microglial low-glucose conditioned media.
After overnight incubation under OGD condition, we mea-
sured the level of VEGF in the conditioned media using
VEGF Quantikine� ELISA Kit (RRV00, R&D Systems), ac-
cording to the manufacturer’s instructions (n = 6–7). IL10
levels in the conditioned media from microglia were also deter-
mined by a sandwich ELISA using the IL10 Quantikine�

ELISA Kit (M1000B, R&D Systems), according to the manu-
facturer’s instructions (n = 5–6).

Oxygen–glucose deprivation

The standardized conditions for OGD have been described in
detail elsewhere (Milner et al., 2008). Briefly, before induction
of OGD, serum-containing media was removed from the cell
cultures by washing twice thoroughly with PBS before adding
serum-free high glucose medium (4.5mg/l, DMEM containing
4mM L-glutamine, penicillin, and streptomycin, supplemented
with N1 medium) or low-glucose medium (1.0mg/l, supple-
mented with DMEM). The cultures containing low-glucose
medium were placed in a hypoxia chamber (Billups-
Rothenburg), which was flushed with a mixture of 95% N2

and 5% CO2 for 1 h, and then closed for 18 h or 24 h. Oxygen
levels decreased to 0.1–0.4% at 4 h and was maintained
throughout the experiment (del Zoppo et al., 2012).
To determine the effects of PGRN under OGD, we added

full-length recombinant mouse PGRN produced from HEK293
cells (AG-40A-0080, AdipoGen) into conditioned media. The
recombinant PGRN is N-glycosylated, as determined by a
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PNGase F assay (manufacturer’s datasheet). Because a FLAG-
tag was attached to the C-terminus of the recombinant PGRN
protein, localization of exogenous recombinant PGRN protein
was determined by immunohistochemical staining with an
anti-FLAG antibody (Supplementary Table 1).
The survival of cells in culture exposed to OGD was deter-

mined by lactate dehydrogenase (LDH) release into the culture
supernatant using a kit assay in six-well format (Roche
Diagnostics), according to the manufacturer’s instructions.
The relative assessments of cytotoxicity were normalized by
comparison with 100% cell damage (n = 5). The survival of
neuronal cells in the culture exposed to OGD was determined
using the propidium iodide method in which 33 mg/ml propi-
dium iodide solution (Sigma) was added to each well, followed
by incubation for 5min (Osada et al., 2011).

Cell counting protocols

To determine the frequency of propidium iodide-positive neur-
onal cells after OGD conditions, we examined seven randomly
chosen non-overlapping high-power fields (�630) of primary
neuronal cells incubated under OGD conditions for 24 h
(n = 21) (Kanazawa et al., 2011b). To determine the frequency
of microtubule-associated protein 2 (MAP2)-positive neurons
with cytoplasmic redistribution of TARDBP, seven randomly
chosen non-overlapping high-power fields (�630) of primary
neuronal cells under normoxic or OGD conditions during 24 h
were examined (n = 7) (Kanazawa et al., 2011b). We also
determined the appearance frequencies of microglia and neu-
trophils in the ischaemic tissue in wild-type and Pgrn knockout
mice by examining seven randomly chosen non-overlapping
high-power fields (�400) (n = 21). These analyses were con-
ducted blinded to the sample information.

Reverse transcription polymerase
chain reaction

Primary microglia were collected as pellets after centrifugation
at 13 000 rpm for 10min. Total RNA was isolated from the
samples using NucleoSpin� RNA XS (U0902A, Takara Bio),
and the first-strand cDNA was synthesized with ReverTra Ace
(FSQ-101, TOYOBO). PCR reactions were performed with
PrimeSTAR� Max DNA Polymerase (Takara Bio) and the fol-
lowing primers: TNF-� (forward, 50- AAGAGGCACT
CCCCCAAAAG -30; reverse, 50- GCTACAGGCTTGTCACT
CGAA -30), TGF-b (forward, 50- TGGAGCAACATGTGGA
ACTC -30; reverse, 50- CAGCAGCCGGTTACCAAG -30),
IL-10 (forward, 50- CTAACCGACTCCTTAATGCAG -30;
reverse, 50- TTAAAATCACTCTTCACCT -30), and actin
(forward, 50- CATCCGTAAAGACCTCTATGCCAAC -30; re-
verse, 50- ATGGAGCCACCGATCCACA -30). The PCR reac-
tions were carried out as follows: 35 cycles for amplification at
98�C for 10 s, 55�C for 5 s, and 72�C for 5 s. The genes of
interest were normalized to actin (n = 5–7).

Quantitative real-time PCR

Primary microglia were collected as pellets after centrifugation
at 13 000 rpm for 10min. Total RNA was isolated from sam-
ples using Nucleospin RNA XS (U0902A, Takara Bio), and
first-strand cDNA was synthesized from total RNA by

ReverTra Ace (TOYOBO). Quantitative RT-PCR was per-
formed with SYBR� Green Premix ExTaq on a TP-850
Real-Time PCR Detection system (Takara Bio). We designed
primer pairs for IL10 as follows: (forward, 50-
ATTTGAATTCCCTGGGTGAGAAG -30; reverse, 50-
CACAGGGGAGAAATCGATGACA -30). PCR conditions
were 30 s at 95�C for initial denaturing, followed by 40
cycles of 5 s at 95�C and 30 s at 60�C. Expression levels of
the target gene relative to housekeeping enzyme (Takara Bio)
were determined using the ��CT method (n = 3–4).

Thrombolytic treatment with tissue
plasminogen activator and PGRN

Cerebral ischaemia was created using a model of focal embolic
ischaemia, in which the animals had their middle cerebral artery
occluded by autologous thrombi (Okubo et al., 2007;
Kanazawa et al., 2011a). tPA was administered intravenously
in the form of alteplase (Mitsubishi Tanabe Pharma Co.) at a
dose of 10mg/kg per animal at 4 h after cerebral ischaemia,
because we previously demonstrated that this condition caused
cerebral oedema, haemorrhagic transformation, and severe
prognosis (Kanazawa et al., 2011a; Kawamura et al., 2014).
We demonstrated that cerebral cortical blood flow decreased
by 40% from baseline after ischaemia and tPA treatment 4h
after ischaemia improved it by 470% from baseline in this
thrombo-emobolic model (Kanazawa et al., 2011a).
Immediately before tPA administration, 100mg of FLAG-
tagged recombinant PGRN or control protein (IgG; R5G10-
048, OEM Concepts) was administered as a bolus through a
catheter in the inguinal vein (n = 6–7). The volumes of the cere-
bral infarct and oedema, cerebral haemorrhage, neurological
evaluations, and mortality ratio were examined. Cerebral infarct
and oedema and cerebral haemorrhage measurements were per-
formed in a randomized and blinded manner.

Statistical analyses

All data were presented as mean � SEM. Differences in the
parameters were analysed using one-way or two-way
ANOVA, followed by Bonferroni’s post hoc test or unpaired
t-test. Statistical analyses were performed using SPSS (ver.21;
SPSS Inc.). Differences in the frequencies were assessed with
Fisher’s exact test or Mann-Whitney’s U-test. All tests were
considered statistically significant at a P-value50.05.

Results

Post-ischaemic changes of PGRN
expression in neuronal cells,
microglia and endothelial cells
in rat cerebral cortex

To investigate the expression and localization of PGRN in

the non-ischaemic cortex of Sprague-Dawley rats, we per-

formed immunofluorescence staining using an anti-PGRN

antibody. At first we tested specificity of the anti-PGRN

antibody by immunoblotting and immunohistochemistry.
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The cell lysates and brain tissue from Pgrn knockout mice

did not show immunoreactivity against the antibody

(Supplementary Fig. 1). Confocal microscopic studies re-

vealed that the immunoreactivity for PGRN was detected

only in cortical neurons (Fig. 1). PGRN was detected

in a punctate pattern within neuronal cytoplasm, and

double immunostaining revealed that PGRN was co-

localized with marker proteins for the endoplasmic reticu-

lum, Golgi apparatus, and lysosome [ERp57 (now

known as PDIA3), Golgi-58k, and LAMP1, respectively].

We did not identify microglia or vessels that expressed

PGRN.

We next investigated the effect of acute focal ischaemia

on the expression and localization of PGRN using ischae-

mic Sprague-Dawley rats. Immunohistochemical analyses

revealed that PGRN was not observed in the neurons

from the ischaemic core (Fig. 2A), but observed in surviv-

ing neurons from the ischaemic penumbra (Fig. 2A). The

expression pattern of PGRN in the surviving neurons from

the ischaemic penumbra is diffused and strong, which is

different from that of the non-ischaemic neurons

(Fig. 2A). PGRN-positive microglia were increased at 24 h

and markedly increased at 72 h after reperfusion, especially

on the border of the ischaemic core and penumbra on the

ischaemic core side (Fig. 2B). In addition, PGRN expression

was observed in the von Willebrand factor-positive

endothelial cells in the ischaemic penumbra at 24 h after

reperfusion (Fig. 2C).

Temporal changes in PGRN expres-
sion and its glycosylated status in rat
cerebral cortex after acute focal
cerebral ischaemia

To investigate the effects of acute focal ischaemia on the

expression and glycosylation status of PGRN, we next per-

formed immunoblotting using whole-cell extracts of the is-

chaemic cortex of Sprague-Dawley rats. In the ischaemic

core, the level of �88 kDa PGRN gradually decreased

after reperfusion, although it recovered at 72 h after

reperfusion (Fig. 3A and B). On the other hand, the level

of 58–68 kDa PGRN did not change until 18 h, but

increased at 24 h and markedly increased at 72 h after

reperfusion (Fig. 3A and B). In the ischaemic penumbra,

the �88-kDa PGRN decreased slightly, but not signifi-

cantly, after reperfusion, while the 58–68 kDa PGRN mod-

erately increased (Fig. 3A and B).

To confirm whether these two bands indicated secretory

isoforms of PGRN, an in vitro study was performed. Cell

lysates and conditioned media from rat C6 cells were sub-

jected to immunoblotting, as this tumor cell line produces

PGRN during growth (Liau et al., 2000). We identified a

low molecular-weight band (58–68 kDa) in the cell lysates

and a high molecular-weight band (�88 kDa) in the condi-

tioned media (Fig. 3C). In addition, after digestion with

PNGase F, which cleaves all N-linked oligosaccharides,

the mobility of both bands from rat C6 cells changed to

58 kDa. A similar result was observed from an experiment

using rat non-ischaemic brains (Fig. 3D). Therefore, it is

considered that the high molecular-weight band

(�88 kDa) was the secretory form of the fully glycosylated

isoform of PGRN and that the low molecular-weight band

(58–68 kDa) was the pre-secretory form of the glycosylated

immature isoform of PGRN (Fig. 3D).

Production and secretion of the two
isoforms of PGRN after OGD

To determine the potential cellular sources of the glycosy-

lated immature isoform of 58–68 kDa PGRN, which

markedly increased after reperfusion in ischaemic rats,

immunoblot analyses of whole-cell extracts and condi-

tioned media from primary murine neurons or microglia

were performed. After 18 h incubation under OGD,

both neurons and microglia were not dead as determined

by the lack of change in LDH release from the cells (Fig.

4A). Under normoxic conditions, 58–68 kDa PGRN was

observed in the neuronal cell extracts similar to C6 cell

(Fig. 4B), and the �88-kDa PGRN was observed in both

neuronal and microglial conditioned media (Fig. 4C). We

found that, after 18 h incubation under OGD, neurons

produced �88 kDa and 58–68 PGRN and secreted

�88 kDa PGRN, and the microglia produced �88 kDa

PGRN, and secreted both �88 kDa and 58–68 kDa

PGRN (Fig. 4C). Therefore, the glycosylated immature iso-

form of 58–68 kDa PGRN was secreted only from

microglia.

Volumes of cerebral infarct and
oedema, and outcome after
ischaemia in Pgrn knockout mice

To investigate the roles of PGRN in acute focal cerebral

ischaemia, we compared volumes of cerebral infarct and

oedema between Pgrn knockout mice and wild-type mice,

and evaluated the outcome by motor scale after middle cere-

bral artery occlusion. Before the comparison, we evaluated

vascular anomaly of the circle of Willis (Özdemir et al.,

1999) of Pgrn knockout mice, and found no significant dif-

ference in vascular structure between wild-type and Pgrn

knockout mice (Supplementary Fig. 2). There was also no

significant difference in infarct size at 24 h after reperfusion

between the two groups (P = 0.12) (Fig. 5A). However, cere-

bral oedema in the Pgrn knockout mice was larger than that

in the wild-type mice at 24 h after reperfusion (P = 0.048)

(Fig. 5B). In addition, motor scale at 24 h after reperfusion

in Pgrn knockout mice was worse than that in the wild-type

mice (P = 0.02) (Fig. 5C). There were no significant differ-

ences in cerebral oedema and motor scale at 72 h after reper-

fusion between the two groups (P = 0.95 and 0.75,

respectively).

Effects of progranulin on stroke BRAIN 2015: 138; 1932–1948 | 1937

 by guest on M
ay 4, 2016

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

Kleinberger G, Wils H, Ponsaerts P, Joris G, Timmermans JP, Van
Broeckhoven C, et al. Increased caspase activation and decreased

TDP-43 solubility in progranulin knockout cortical cultures. J

Neurochem 2010; 115: 735–47.

Krishnamurthy RG, Senut MC, Zemke D, Min J, Frenkel MB,
Greenberg EJ, et al. Asiatic acid, a pentacyclic triterpene from

Centella asiatica, is neuroprotective in a mouse model of focal

cerebral ischemia. J Neurosci Res 2009; 87: 2541–50.

Laird AS, Van Hoecke A, De Muynck L, Timmers M, Van den
Bosch L, Van Damme P, et al. Progranulin is neurotrophic in vivo

and protects against a mutant TDP-43 induced axonopathy. PLoS

One 2010; 5: e13368.
Liau LM, Lallone RL, Seitz RS, Buznikov A, Gregg JP, Kornblum HI,

et al. Identification of a human glioma-associated growth factor

gene, granulin, using differential immuno-absorption. Cancer Res

2000; 60: 1353–60.
Mabuchi T, Kitagawa K, Ohtsuki T, Kuwabara K, Yagita Y,

Yanagihara T, et al. Contribution of microglia/macrophages to ex-

pansion of infarction and response of oligodendrocytes after focal

cerebral ischemia in rats. Stroke 2000; 31: 1735–43.
Memezawa H, Smith ML, Siesjö BK. Penumbral tissues salvaged by

reperfusion following middle cerebral artery occlusion in rats. Stroke

1992; 23: 552–9.

Milner R, Hung S, Wang X, Berg GI, Spatz M, del Zoppo GJ.
Responses of endothelial cell and astrocyte matrix-integrin receptors

to ischemia mimic those observed in the neurovascular unit. Stroke

2008; 39: 191–7.
Naphade SB, Kigerl KA, Jakeman LB, Kostyk SK, Popovich PG,

Kuret J. Progranulin expression is upregulated after spinal contusion

in mice. Acta Neuropathol 2010; 119: 123–33.

Okubo S, Igarashi H, Kanamatsu T, Hasegawa D, Orima H,
Katayama Y. FK-506 extended the therapeutic time window for

thrombolysis without increasing the risk of hemorrhagic transform-

ation in an embolic rat stroke model. Brain Res 2007; 1143: 221–7.

Osada T, Gu YH, Kanazawa M, Tsubota Y, Hawkins BT, Spatz M,
et al. Interendothelial claudin-5 expression depends on cerebral

endothelial cell-matrix adhesion by b(1)-integrins. J Cereb Blood

Flow Metab 2011; 31: 1972–85.
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The cell lysates and brain tissue from Pgrn knockout mice

did not show immunoreactivity against the antibody

(Supplementary Fig. 1). Confocal microscopic studies re-

vealed that the immunoreactivity for PGRN was detected

only in cortical neurons (Fig. 1). PGRN was detected

in a punctate pattern within neuronal cytoplasm, and

double immunostaining revealed that PGRN was co-

localized with marker proteins for the endoplasmic reticu-

lum, Golgi apparatus, and lysosome [ERp57 (now

known as PDIA3), Golgi-58k, and LAMP1, respectively].

We did not identify microglia or vessels that expressed

PGRN.

We next investigated the effect of acute focal ischaemia

on the expression and localization of PGRN using ischae-

mic Sprague-Dawley rats. Immunohistochemical analyses

revealed that PGRN was not observed in the neurons

from the ischaemic core (Fig. 2A), but observed in surviv-

ing neurons from the ischaemic penumbra (Fig. 2A). The

expression pattern of PGRN in the surviving neurons from

the ischaemic penumbra is diffused and strong, which is

different from that of the non-ischaemic neurons

(Fig. 2A). PGRN-positive microglia were increased at 24 h

and markedly increased at 72 h after reperfusion, especially

on the border of the ischaemic core and penumbra on the

ischaemic core side (Fig. 2B). In addition, PGRN expression

was observed in the von Willebrand factor-positive

endothelial cells in the ischaemic penumbra at 24 h after

reperfusion (Fig. 2C).

Temporal changes in PGRN expres-
sion and its glycosylated status in rat
cerebral cortex after acute focal
cerebral ischaemia

To investigate the effects of acute focal ischaemia on the

expression and glycosylation status of PGRN, we next per-

formed immunoblotting using whole-cell extracts of the is-

chaemic cortex of Sprague-Dawley rats. In the ischaemic

core, the level of �88 kDa PGRN gradually decreased

after reperfusion, although it recovered at 72 h after

reperfusion (Fig. 3A and B). On the other hand, the level

of 58–68 kDa PGRN did not change until 18 h, but

increased at 24 h and markedly increased at 72 h after

reperfusion (Fig. 3A and B). In the ischaemic penumbra,

the �88-kDa PGRN decreased slightly, but not signifi-

cantly, after reperfusion, while the 58–68 kDa PGRN mod-

erately increased (Fig. 3A and B).

To confirm whether these two bands indicated secretory

isoforms of PGRN, an in vitro study was performed. Cell

lysates and conditioned media from rat C6 cells were sub-

jected to immunoblotting, as this tumor cell line produces

PGRN during growth (Liau et al., 2000). We identified a

low molecular-weight band (58–68 kDa) in the cell lysates

and a high molecular-weight band (�88 kDa) in the condi-

tioned media (Fig. 3C). In addition, after digestion with

PNGase F, which cleaves all N-linked oligosaccharides,

the mobility of both bands from rat C6 cells changed to

58 kDa. A similar result was observed from an experiment

using rat non-ischaemic brains (Fig. 3D). Therefore, it is

considered that the high molecular-weight band

(�88 kDa) was the secretory form of the fully glycosylated

isoform of PGRN and that the low molecular-weight band

(58–68 kDa) was the pre-secretory form of the glycosylated

immature isoform of PGRN (Fig. 3D).

Production and secretion of the two
isoforms of PGRN after OGD

To determine the potential cellular sources of the glycosy-

lated immature isoform of 58–68 kDa PGRN, which

markedly increased after reperfusion in ischaemic rats,

immunoblot analyses of whole-cell extracts and condi-

tioned media from primary murine neurons or microglia

were performed. After 18 h incubation under OGD,

both neurons and microglia were not dead as determined

by the lack of change in LDH release from the cells (Fig.

4A). Under normoxic conditions, 58–68 kDa PGRN was

observed in the neuronal cell extracts similar to C6 cell

(Fig. 4B), and the �88-kDa PGRN was observed in both

neuronal and microglial conditioned media (Fig. 4C). We

found that, after 18 h incubation under OGD, neurons

produced �88 kDa and 58–68 PGRN and secreted

�88 kDa PGRN, and the microglia produced �88 kDa

PGRN, and secreted both �88 kDa and 58–68 kDa

PGRN (Fig. 4C). Therefore, the glycosylated immature iso-

form of 58–68 kDa PGRN was secreted only from

microglia.

Volumes of cerebral infarct and
oedema, and outcome after
ischaemia in Pgrn knockout mice

To investigate the roles of PGRN in acute focal cerebral

ischaemia, we compared volumes of cerebral infarct and

oedema between Pgrn knockout mice and wild-type mice,

and evaluated the outcome by motor scale after middle cere-

bral artery occlusion. Before the comparison, we evaluated

vascular anomaly of the circle of Willis (Özdemir et al.,

1999) of Pgrn knockout mice, and found no significant dif-

ference in vascular structure between wild-type and Pgrn

knockout mice (Supplementary Fig. 2). There was also no

significant difference in infarct size at 24 h after reperfusion

between the two groups (P = 0.12) (Fig. 5A). However, cere-

bral oedema in the Pgrn knockout mice was larger than that

in the wild-type mice at 24 h after reperfusion (P = 0.048)

(Fig. 5B). In addition, motor scale at 24 h after reperfusion

in Pgrn knockout mice was worse than that in the wild-type

mice (P = 0.02) (Fig. 5C). There were no significant differ-

ences in cerebral oedema and motor scale at 72 h after reper-

fusion between the two groups (P = 0.95 and 0.75,

respectively).
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Figure 1 Analyses of PGRN expression in neuronal cells and microglia from rat non-ischaemic cerebral cortex. Microtubule-

associated protein 2 (MAP2), endoplasmic reticulum stress protein 57 (ERp57, now known as PDIA3), Golgi-58k, lysosomal associated membrane

protein 1 (LAMP-1), CD68/ED1 (green) / PGRN (red) / 4’,6’-diamidino-2-phenylindole (DAPI; blue) triple labelling in the non-ischaemic cortices

examined by confocal microscopy. MAP2, ERp57, Golgi-58k, LAMP1, and CD68/ED1 are markers for neuronal cells, endoplasmic reticulum, Golgi

apparatus, lysosome, and microglia, respectively. Scale bars = 10 mm.
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Recruitment of neutrophils and
microglia after ischaemia in Pgrn
knockout mice

Because a recent study reported that recombinant PGRN

treatment suppressed neutrophil recruitment into ischaemic

mouse brain (Egashira et al., 2013), we investigated

whether cerebral oedema in Pgrn knockout mice is asso-

ciated with neutrophil recruitment. Immunohistochemistry

using an anti-myeloperoxidase antibody revealed that there

were no significant differences in the numbers of myeloper-

oxidase-positive neutrophils between the ischaemic wild-

type and Pgrn knockout mice at 24 h and 72 h after reper-

fusion (Supplementary Fig. 3). We also found that there

were no significant differences in the numbers of IBA1

(now known as AIF1)-positive microglia in the border of

the ischaemic core and penumbra between the wild-type

and Pgrn knockout mice at 24 h and 72 h after reperfusion

(Supplementary Fig. 4).

VEGF expression in Pgrn knockout
mice after ischaemia

We next investigated the possibility that cerebral oedema in

Pgrn knockout mice was caused by VEGF expression, be-

cause VEGF is a potent angiogenic factor that regulates

vascular permeability after focal cerebral ischaemia

(Zhang et al., 2002). Additionally, a recent study, in

which PDGF (platelet-derived growth factor) was used as

an experimental agent to induce blood–brain barrier leak-

age, did not determine the VEGF protein level after ischae-

mia (Jackman et al., 2013). Although VEGF expression

was undetectable in brains of sham-operated wild-type

and Pgrn knockout mice, VEGF expression was observed

in the peri-infarct area from brains of ischaemic wild-type

and Pgrn knockout mice 24 and 72 h after reperfusion. At

72 h after reperfusion, the expression was much more

prominent in Pgrn knockout mice than in wild-type mice

(P5 0.001) (Fig. 5D). VEGF expression was observed

Figure 2 Post-ischaemic changes in PGRN expression in

neuronal cells, microglia and endothelial cells in the rat

cerebral cortex. (A) The absence of PGRN expression in the

Figure 2 Continued

ischaemic core and increased PGRN expression in the ischaemic

penumbra at 24 h after reperfusion. MAP2, LAMP1 (green) / PGRN

(red) / DAPI (blue) triple labelling in the ischaemic core and pen-

umbra examined by confocal microscopy. Scale bars = 10 mm. (B)

Markedly increased PGRN-positive microglia at 72 h after reperfu-

sion. CD68/ED1 (green) / PGRN (red) / DAPI (blue) triple labelling

in the sham-operated or ischaemic cortex (ischaemic core) exam-

ined by confocal microscopy. Red scale bar = 10 mm. White scale

bars = 20mm. (C) PGRN expression in endothelial cells and astro-

cytic end-feet at 24 h after reperfusion. von Willebrand factor

(vWF), glial fibrillary acidic protein (GFAP, green) / PGRN (red) /

DAPI (blue) triple labelling in the sham-operated or ischaemic

penumbra examined by confocal microscopy. von Willebrand factor

is a marker for endothelial cells, and GFAP is a marker for astro-

cytes. Scale bars = 10 mm.
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Recruitment of neutrophils and
microglia after ischaemia in Pgrn
knockout mice

Because a recent study reported that recombinant PGRN

treatment suppressed neutrophil recruitment into ischaemic

mouse brain (Egashira et al., 2013), we investigated

whether cerebral oedema in Pgrn knockout mice is asso-

ciated with neutrophil recruitment. Immunohistochemistry

using an anti-myeloperoxidase antibody revealed that there

were no significant differences in the numbers of myeloper-

oxidase-positive neutrophils between the ischaemic wild-

type and Pgrn knockout mice at 24 h and 72 h after reper-

fusion (Supplementary Fig. 3). We also found that there

were no significant differences in the numbers of IBA1

(now known as AIF1)-positive microglia in the border of

the ischaemic core and penumbra between the wild-type

and Pgrn knockout mice at 24 h and 72 h after reperfusion

(Supplementary Fig. 4).

VEGF expression in Pgrn knockout
mice after ischaemia

We next investigated the possibility that cerebral oedema in

Pgrn knockout mice was caused by VEGF expression, be-

cause VEGF is a potent angiogenic factor that regulates

vascular permeability after focal cerebral ischaemia

(Zhang et al., 2002). Additionally, a recent study, in

which PDGF (platelet-derived growth factor) was used as

an experimental agent to induce blood–brain barrier leak-

age, did not determine the VEGF protein level after ischae-

mia (Jackman et al., 2013). Although VEGF expression

was undetectable in brains of sham-operated wild-type

and Pgrn knockout mice, VEGF expression was observed

in the peri-infarct area from brains of ischaemic wild-type

and Pgrn knockout mice 24 and 72 h after reperfusion. At

72 h after reperfusion, the expression was much more

prominent in Pgrn knockout mice than in wild-type mice

(P5 0.001) (Fig. 5D). VEGF expression was observed

Figure 2 Post-ischaemic changes in PGRN expression in

neuronal cells, microglia and endothelial cells in the rat

cerebral cortex. (A) The absence of PGRN expression in the

Figure 2 Continued

ischaemic core and increased PGRN expression in the ischaemic

penumbra at 24 h after reperfusion. MAP2, LAMP1 (green) / PGRN

(red) / DAPI (blue) triple labelling in the ischaemic core and pen-

umbra examined by confocal microscopy. Scale bars = 10 mm. (B)

Markedly increased PGRN-positive microglia at 72 h after reperfu-

sion. CD68/ED1 (green) / PGRN (red) / DAPI (blue) triple labelling

in the sham-operated or ischaemic cortex (ischaemic core) exam-

ined by confocal microscopy. Red scale bar = 10 mm. White scale

bars = 20mm. (C) PGRN expression in endothelial cells and astro-

cytic end-feet at 24 h after reperfusion. von Willebrand factor

(vWF), glial fibrillary acidic protein (GFAP, green) / PGRN (red) /

DAPI (blue) triple labelling in the sham-operated or ischaemic

penumbra examined by confocal microscopy. von Willebrand factor

is a marker for endothelial cells, and GFAP is a marker for astro-

cytes. Scale bars = 10 mm.
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mainly in astrocytes and endothelial cells (but not in micro-

glia) within ischaemic mice (Supplementary Fig. 5).

To confirm the increased level of VEGF in ischaemic

Pgrn knockout mice, we performed an in vitro study. We

first compared VEGF secretion after OGD from microglia

and astrocytes between wild-type and Pgrn knockout mice

(Fig. 5E). The levels of VEGF from microglia of Pgrn

knockout mice were higher than those of wild-type mice

Figure 3 Temporal changes in PGRN expression in the rat cerebral cortex after focal cerebral ischaemia. (A) Representative

PGRN protein bands of the rat cerebral cortex from the ischaemic core (left) and ischaemic penumbra (right). Two isoforms (�88 kDa and 58–

68 kDa) were observed. b-actin confirmed equal loading of proteins. (B) Optical densitometry analyses for �88 kDa (left) and 58–68 kDa isoforms

(right) of PGRN. *P5 0.05, **P5 0.01, ##P5 0.01 versus sham. Data represent relative optical densities of ischaemic brain samples compared to

those of sham-operated samples. (C) Difference in glycosylation status in PGRN between cell lysates and conditioned media of rat C6 cells

analysed by immunoblotting. Note that PGRN shows two isoforms (�88 kDa and 58–68 kDa), both of which change to 58 kDa after digestion

with peptide-N-glycosidase F (PNGase F). All findings were confirmed in triplicate. (D) Difference in glycosylation status in PGRN from the rat

non-ischaemic cortex analysed by immunoblotting. Similar to rat C6 cells, PGRN shows two isoforms (�88 kDa and 58–68 kDa), both of which

change to 58 kDa after digestion with PNGase F. All findings were confirmed in triplicate.
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(P5 0.001), although the levels of VEGF from astrocytes

were not different between wild-type and Pgrn knockout

mice (P = 1.00). To investigate the effect of microglia on

VEGF secretion from astrocytes, microglial condition

media of wild-type and Pgrn knockout mice were added

to the astrocytes of wild-type and Pgrn knockout mice,

respectively. Interestingly, the levels of VEGF from the

astrocytes with microglial conditioned media of knockout

mice was higher than that of wild-type under OGD

(P5 0.001). In addition, the levels of VEGF from astro-

cytes with microglial conditioned media of knockout mice

was higher than that from microglia alone (P = 0.013) or

astrocytes alone (P = 0.014) of Pgrn knockout mice (Fig.

5E). These results suggest that lack of PGRN or unknown

humoral factors from ischaemic microglia of Pgrn knock-

out mice might synergically promote VEGF secretion from

the astrocytes.

The effects of VEGF expression
by recombinant PGRN treatment
after ischaemia in vitro and in vivo

To investigate the effect of recombinant PGRN on VEGF

expression in vitro, we compared VEGF levels in astrocytes

with microglial conditioned media for wild-type mice trea-

ted with vehicle controls and recombinant PGRN. The level

of VEGF in astrocytes cultured in microglial conditioned

media was decreased by recombinant PGRN (10 mg/ml)

compared to vehicle treatment (23.0 � 4.8% reduction;

P = 0.046, n = 3–6). We previously reported that delayed

tPA treatment 4 h after ischaemia promoted expression of

VEGF in vivo (Kanazawa et al., 2011a). We investigated

the effect of recombinant PGRN on VEGF expression using

this thrombo-embolic model. For this purpose we admini-

strated 100mg recombinant PGRN or vehicle along with

tPA treatment 4 h after ischaemia. The co-administration

of recombinant PGRN and tPA decreased the expression

of VEGF compared to co-administration of vehicle and

tPA (P = 0.046) (Supplementary Fig. 6).

Comparison of cytokine response
of microglia between wild-type and
Pgrn knockout mice after OGD

To investigate the effect of PGRN on neuroinflammation

after acute ischaemia, we compared mRNA levels of several

cytokines in microglia from wild-type and Pgrn knockout

mice, under normoxic and OGD conditions, because the

balance between pro-inflammatory and anti-inflammatory

microglial phenotypes is considered to influence expansion

of cerebral infarct (Hu et al., 2012). We found that there

were no differences in the mRNA levels of pro-inflamma-

tory cytokines (TNF-� and TGF-b) between wild-type and

Pgrn knockout mice, while the mRNA level of anti-inflam-

matory cytokine IL10 in the Pgrn knockout microglia was

lower than that in the wild-type microglia after OGD

Figure 4 Effects of OGD on PGRN secretion from murine

primary cultured neuronal and microglial cells. (A)

Cytotoxicity evaluated by lactate dehydrogenase assay between

normoxia and OGD in neuronal cells and microglia (n = 5). (B and

C) Representative PGRN protein bands in immunoblotting from

whole-cell extracts (B) and conditioned media (C) of murine pri-

mary cultured cells (neurons and microglia) subjected to normoxia

(norm) or OGD. After 18 h incubation under OGD condition, 58–

68 kDa and �88 kDa PGRN in the neuronal cell extracts as well as

�88 kDa PGRN in the neuronal conditioned media increased

compared to those under normoxic condition (P = 0.001 and 0.011,

respectively). The �88 kDa PGRN in the microglial conditioned

media and the 58–68 kDa PGRN in the microglial cell extracts also

increased compared to those under normoxic conditions

(P5 0.001 and 0.0098, respectively). Additionally, the 58–68 kDa

PGRN in the microglial conditioned media markedly increased

(P5 0.001). b-actin and transferrin confirmed equal loading of

proteins. Optical densitometry analyses for PGRN are also shown.

Data represent relative optical densities of each sample compared

to microglial samples from OGD (n = 5). *P5 0.05. **P5 0.01.
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(P5 0.001), although the levels of VEGF from astrocytes

were not different between wild-type and Pgrn knockout

mice (P = 1.00). To investigate the effect of microglia on

VEGF secretion from astrocytes, microglial condition

media of wild-type and Pgrn knockout mice were added

to the astrocytes of wild-type and Pgrn knockout mice,

respectively. Interestingly, the levels of VEGF from the

astrocytes with microglial conditioned media of knockout

mice was higher than that of wild-type under OGD

(P5 0.001). In addition, the levels of VEGF from astro-

cytes with microglial conditioned media of knockout mice

was higher than that from microglia alone (P = 0.013) or

astrocytes alone (P = 0.014) of Pgrn knockout mice (Fig.

5E). These results suggest that lack of PGRN or unknown

humoral factors from ischaemic microglia of Pgrn knock-

out mice might synergically promote VEGF secretion from

the astrocytes.

The effects of VEGF expression
by recombinant PGRN treatment
after ischaemia in vitro and in vivo

To investigate the effect of recombinant PGRN on VEGF

expression in vitro, we compared VEGF levels in astrocytes

with microglial conditioned media for wild-type mice trea-

ted with vehicle controls and recombinant PGRN. The level

of VEGF in astrocytes cultured in microglial conditioned

media was decreased by recombinant PGRN (10 mg/ml)

compared to vehicle treatment (23.0 � 4.8% reduction;

P = 0.046, n = 3–6). We previously reported that delayed

tPA treatment 4 h after ischaemia promoted expression of

VEGF in vivo (Kanazawa et al., 2011a). We investigated

the effect of recombinant PGRN on VEGF expression using

this thrombo-embolic model. For this purpose we admini-

strated 100mg recombinant PGRN or vehicle along with

tPA treatment 4 h after ischaemia. The co-administration

of recombinant PGRN and tPA decreased the expression

of VEGF compared to co-administration of vehicle and

tPA (P = 0.046) (Supplementary Fig. 6).

Comparison of cytokine response
of microglia between wild-type and
Pgrn knockout mice after OGD

To investigate the effect of PGRN on neuroinflammation

after acute ischaemia, we compared mRNA levels of several

cytokines in microglia from wild-type and Pgrn knockout

mice, under normoxic and OGD conditions, because the

balance between pro-inflammatory and anti-inflammatory

microglial phenotypes is considered to influence expansion

of cerebral infarct (Hu et al., 2012). We found that there

were no differences in the mRNA levels of pro-inflamma-

tory cytokines (TNF-� and TGF-b) between wild-type and

Pgrn knockout mice, while the mRNA level of anti-inflam-

matory cytokine IL10 in the Pgrn knockout microglia was

lower than that in the wild-type microglia after OGD

Figure 4 Effects of OGD on PGRN secretion from murine

primary cultured neuronal and microglial cells. (A)

Cytotoxicity evaluated by lactate dehydrogenase assay between

normoxia and OGD in neuronal cells and microglia (n = 5). (B and

C) Representative PGRN protein bands in immunoblotting from

whole-cell extracts (B) and conditioned media (C) of murine pri-

mary cultured cells (neurons and microglia) subjected to normoxia

(norm) or OGD. After 18 h incubation under OGD condition, 58–

68 kDa and �88 kDa PGRN in the neuronal cell extracts as well as

�88 kDa PGRN in the neuronal conditioned media increased

compared to those under normoxic condition (P = 0.001 and 0.011,

respectively). The �88 kDa PGRN in the microglial conditioned

media and the 58–68 kDa PGRN in the microglial cell extracts also

increased compared to those under normoxic conditions

(P5 0.001 and 0.0098, respectively). Additionally, the 58–68 kDa

PGRN in the microglial conditioned media markedly increased

(P5 0.001). b-actin and transferrin confirmed equal loading of

proteins. Optical densitometry analyses for PGRN are also shown.

Data represent relative optical densities of each sample compared

to microglial samples from OGD (n = 5). *P5 0.05. **P5 0.01.
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Figure 5 Comparison of ischaemic outcomes and VEGF expression between wild-type and Pgrn knockout mice. These panels

show volumes of the cerebral infarct (A) and cerebral oedema (B) at 24 h and 72 h after reperfusion (all, n5 9), and outcome evaluated by a

6-point neurological scale score (C) at 24 h after reperfusion [wild-type (WT) n = 29, knockout (KO) n = 22]. Volumes of cerebral infarct and

oedema are expressed as proportions on the ischaemic side of the cerebral hemisphere. *P5 0.05, **P5 0.01. (D) VEGF expression in the sham-

operated and ischaemic brains (at 24 h and 72 h after reperfusion) from the wild-type and Pgrn knockout mice. The results were confirmed in

triplicate. A secondary-only antibody control confirms that extracellular stainings of VEGF after ischaemia were not non-specific (data not shown).

At 72 h after reperfusion, the expression of VEGF was higher in ischaemic brains of Pgrn knockout mice than in those of wild-type mice

(**P5 0.001) (n = 21). Scale bars = 200 mm. (E) The levels of secretory VEGF from microglia, astrocytes, and astrocytes with microglial

conditioned media of wild-type and Pgrn knockout mice after OGD (n = 6–7). *P = 0.01, **P5 0.01.
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(P = 0.037) (Fig. 6A and B). We also found that Il10

mRNA levels in the Pgrn knockout microglia were lower

than that in the wild-type microglia after OGD by real-time

PCR (P = 0.001) (Fig. 6C). The level of Il10 after 18 h in-

cubation under OGD from microglial conditioned media of

Pgrn knockout mice (10.3 � 3.1 pg/ml) was lower than that

from microglial conditioned media of wild-type mice

(37.4 � 12.2 pg/ml) (P = 0.040).

We also investigated the expression of TNF-�, TGF-b,
and IL10 in brains from ischaemic wild-type and

Pgrn knockout mice 24 and 72 h after reperfusion.

Although the expressions of TNF-� and TGF-b in the

ischaemic brains were not different between wild-type and

Pgrn knockout mice (P = 0.262 and P = 0.228, respectively)

(Supplementary Fig. 7A and B), IL10 expression was lower

in the ischaemic brains of Pgrn knockout mice than in

those of wild-type mice (P50.001) (Supplementary Fig.

7C). IL10 was expressed mainly in the extracellular

parenchyma.

Effects of PGRN on neuronal cell
death and cytoplasmic redistribution
of TARDBP

We investigated the neuroprotective effect of PGRN on

murine primary neuronal cells under OGD condition.

Twenty-four hours incubation under OGD promoted neur-

onal cell death as evaluated by a lactate dehydrogenase

assay (Fig. 7A), and the percentage of propidium iodide-

positive neuronal cells after 24-h incubation under OGD

was 8.4 � 3.7% (n = 21) (Supplementary Fig. 8). The at-

tached neuronal cells that showed cytoplasmic redistribu-

tion of TARDBP under the OGD conditions were

confirmed to be living as they were propidium iodide-nega-

tive (Fig. 7B). However, we found that the recombinant

PGRN (5mg/ml) suppressed the neuronal cell death

compared to the control (P = 0.045) (Fig. 7C).

Immunocytochemistry confirmed that these surviving

neurons incorporated the exogenously administered

Figure 6 Comparison of cytokine response of microglia between wild-type and Pgrn knockout mice after OGD. (A)

Representative cytokine mRNA bands from primary microglial cells of wild-type (WT) and Pgrn knockout (KO) under normoxic and OGD

conditions. (B) Optical densitometry analyses for inflammatory cytokines such as TNF-� and transforming growth factor-b (TGF-b), and anti-

inflammatory cytokines such as IL-10 (n = 5–7). Data represent relative optical densities of respective samples compared to samples from wild-

type mice under normoxic conditions by one-way ANOVA. (C) Data represent relative Il10 mRNA levels compared to samples from wild-type

mice under normoxic conditions (n = 3–4). *P5 0.05, **P5 0.01.
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(P = 0.037) (Fig. 6A and B). We also found that Il10

mRNA levels in the Pgrn knockout microglia were lower

than that in the wild-type microglia after OGD by real-time

PCR (P = 0.001) (Fig. 6C). The level of Il10 after 18 h in-

cubation under OGD from microglial conditioned media of

Pgrn knockout mice (10.3 � 3.1 pg/ml) was lower than that

from microglial conditioned media of wild-type mice

(37.4 � 12.2 pg/ml) (P = 0.040).

We also investigated the expression of TNF-�, TGF-b,
and IL10 in brains from ischaemic wild-type and

Pgrn knockout mice 24 and 72 h after reperfusion.

Although the expressions of TNF-� and TGF-b in the

ischaemic brains were not different between wild-type and

Pgrn knockout mice (P = 0.262 and P = 0.228, respectively)

(Supplementary Fig. 7A and B), IL10 expression was lower

in the ischaemic brains of Pgrn knockout mice than in

those of wild-type mice (P50.001) (Supplementary Fig.

7C). IL10 was expressed mainly in the extracellular

parenchyma.

Effects of PGRN on neuronal cell
death and cytoplasmic redistribution
of TARDBP

We investigated the neuroprotective effect of PGRN on

murine primary neuronal cells under OGD condition.

Twenty-four hours incubation under OGD promoted neur-

onal cell death as evaluated by a lactate dehydrogenase

assay (Fig. 7A), and the percentage of propidium iodide-

positive neuronal cells after 24-h incubation under OGD

was 8.4 � 3.7% (n = 21) (Supplementary Fig. 8). The at-

tached neuronal cells that showed cytoplasmic redistribu-

tion of TARDBP under the OGD conditions were

confirmed to be living as they were propidium iodide-nega-

tive (Fig. 7B). However, we found that the recombinant

PGRN (5mg/ml) suppressed the neuronal cell death

compared to the control (P = 0.045) (Fig. 7C).

Immunocytochemistry confirmed that these surviving

neurons incorporated the exogenously administered

Figure 6 Comparison of cytokine response of microglia between wild-type and Pgrn knockout mice after OGD. (A)

Representative cytokine mRNA bands from primary microglial cells of wild-type (WT) and Pgrn knockout (KO) under normoxic and OGD

conditions. (B) Optical densitometry analyses for inflammatory cytokines such as TNF-� and transforming growth factor-b (TGF-b), and anti-

inflammatory cytokines such as IL-10 (n = 5–7). Data represent relative optical densities of respective samples compared to samples from wild-

type mice under normoxic conditions by one-way ANOVA. (C) Data represent relative Il10 mRNA levels compared to samples from wild-type

mice under normoxic conditions (n = 3–4). *P5 0.05, **P5 0.01.
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Figure 7 Suppression of neuronal cell death and cytoplasmic redistribution of TARDBP (TDP-43) under OGD conditions by

recombinant PGRN. (A) Cytotoxicity of neuronal cells between normoxic and OGD conditions at 18 h and 24 h (n = 5). **P5 0.01. (B)

Confocal microscopic observation of TDP-43 (now known as TARDBP, green)/propidium iodide (PI) (red)/DAPI (blue)-triple labelling in neuronal

cells under OGD conditions. Magnification is double in the small inset. Cytoplasmic redistribution of TDP-43 was observed in surviving neurons

under the OGD conditions. These neuronal cells were propidium iodide-negative. Scale bar = 50 mm. (C) Recombinant PGRN (rPGRN) alleviated

cytotoxicity at 24 h under OGD conditions (n = 6). *P5 0.05. (D) MAP2 (green)/FLAG (red) / DAPI (blue) triple labeling in neurons between

normoxic and OGD conditions by confocal microscopy. FLAG-tagged recombinant PGRN was co-localized in surviving neurons under OGD

condition (arrow). Scale bars = 20mm. (E) MAP2 (green)/TDP-43 (red)/DAPI (blue) triple labelling in neurons between normoxic and OGD

conditions with or without recombinant PGRN treatment by confocal microscopy. Arrow indicates cytoplasmic redistribution of TARDBP at 24 h

under OGD conditions. Scale bars = 20 mm. (F) The frequencies cytoplasmic redistribution of TARDBP in MAP2-positive neuronal cells between

normoxic and OGD conditions. recombinant PGRN blocked cytoplasmic redistribution of TARDBP at 24 h under OGD conditions. *P5 0.05,
##P5 0.01 versus normoxic condition (n = 7).
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FLAG-tagged recombinant PGRN (Fig. 7D). We also found

that the neuronal cells, which incorporated the exogenous

FLAG-tagged recombinant PGRN, showed a decrease in

the cytoplasmic redistribution of TARDBP (Fig. 7E): the

frequency of cytoplasmic redistribution of TARDBP in the

neurons treated with recombinant PGRN under OGD was

lower than that treated with the vehicle control

(48.0 � 35.4% versus 86.9 � 10.4%; P = 0.010) (Fig. 7F).

Therapeutic effects of recombinant
PGRN against delayed tPA treatment
for acute focal cerebral ischaemia

Finally, we investigated therapeutic effects of recombinant

PGRN using a rat autologous thrombo-embolic model

(Okubo et al., 2007), because this model shows cerebral

oedema and haemorrhagic transformation when tPA is ad-

ministered beyond the therapeutic time window (4 h)

(Kanazawa et al., 2011a; Kawamura et al., 2014). The

group treated with tPA and intravenous administration of

recombinant PGRN at 4 h after reperfusion showed thera-

peutic effects on the cerebral infarct volume (Fig. 8A),

oedema volume (Fig. 8B), haemorrhage (Fig. 8C), motor

scale (Fig. 8D), and mortality ratio (Fig. 8E) compared to

the group treated with tPA and control (P = 0.007, 0.038,

0.007, 0.004 and 0.026, respectively).

Discussion
We demonstrated for the first time the dynamic changes in

PGRN in vivo in the neurons, microglia, and endothelial

cells after ischaemia, including decreased level of PGRN

Figure 8 The improvements in ischaemic outcomes after delayed tPA treatment with recombinant PGRN. Quantification of

volumes of cerebral infarct (A) and oedema (B), and haemoglobin concentrations of the lysates from the ischaemic hemisphere (C) at 24 h after

reperfusion. Black bars: the tPA 4 h group treated with control protein; grey bars: the tPA 4 h group treated with recombinant PGRN (rPGRN)

(n = 5). Six-point neurological scale (D) and mortality ratio (E) of the tPA 4 h group treated with control protein (n = 7) or recombinant PGRN

(n = 6). *P5 0.05, **P5 0.01.

Effects of progranulin on stroke BRAIN 2015: 138; 1932–1948 | 1945

 by guest on M
ay 4, 2016

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

Kleinberger G, Wils H, Ponsaerts P, Joris G, Timmermans JP, Van
Broeckhoven C, et al. Increased caspase activation and decreased

TDP-43 solubility in progranulin knockout cortical cultures. J

Neurochem 2010; 115: 735–47.

Krishnamurthy RG, Senut MC, Zemke D, Min J, Frenkel MB,
Greenberg EJ, et al. Asiatic acid, a pentacyclic triterpene from

Centella asiatica, is neuroprotective in a mouse model of focal

cerebral ischemia. J Neurosci Res 2009; 87: 2541–50.

Laird AS, Van Hoecke A, De Muynck L, Timmers M, Van den
Bosch L, Van Damme P, et al. Progranulin is neurotrophic in vivo

and protects against a mutant TDP-43 induced axonopathy. PLoS

One 2010; 5: e13368.
Liau LM, Lallone RL, Seitz RS, Buznikov A, Gregg JP, Kornblum HI,

et al. Identification of a human glioma-associated growth factor

gene, granulin, using differential immuno-absorption. Cancer Res

2000; 60: 1353–60.
Mabuchi T, Kitagawa K, Ohtsuki T, Kuwabara K, Yagita Y,

Yanagihara T, et al. Contribution of microglia/macrophages to ex-

pansion of infarction and response of oligodendrocytes after focal

cerebral ischemia in rats. Stroke 2000; 31: 1735–43.
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FLAG-tagged recombinant PGRN (Fig. 7D). We also found

that the neuronal cells, which incorporated the exogenous

FLAG-tagged recombinant PGRN, showed a decrease in

the cytoplasmic redistribution of TARDBP (Fig. 7E): the

frequency of cytoplasmic redistribution of TARDBP in the

neurons treated with recombinant PGRN under OGD was

lower than that treated with the vehicle control

(48.0 � 35.4% versus 86.9 � 10.4%; P = 0.010) (Fig. 7F).

Therapeutic effects of recombinant
PGRN against delayed tPA treatment
for acute focal cerebral ischaemia

Finally, we investigated therapeutic effects of recombinant

PGRN using a rat autologous thrombo-embolic model

(Okubo et al., 2007), because this model shows cerebral

oedema and haemorrhagic transformation when tPA is ad-

ministered beyond the therapeutic time window (4 h)

(Kanazawa et al., 2011a; Kawamura et al., 2014). The

group treated with tPA and intravenous administration of

recombinant PGRN at 4 h after reperfusion showed thera-

peutic effects on the cerebral infarct volume (Fig. 8A),

oedema volume (Fig. 8B), haemorrhage (Fig. 8C), motor

scale (Fig. 8D), and mortality ratio (Fig. 8E) compared to

the group treated with tPA and control (P = 0.007, 0.038,

0.007, 0.004 and 0.026, respectively).

Discussion
We demonstrated for the first time the dynamic changes in

PGRN in vivo in the neurons, microglia, and endothelial

cells after ischaemia, including decreased level of PGRN

Figure 8 The improvements in ischaemic outcomes after delayed tPA treatment with recombinant PGRN. Quantification of

volumes of cerebral infarct (A) and oedema (B), and haemoglobin concentrations of the lysates from the ischaemic hemisphere (C) at 24 h after

reperfusion. Black bars: the tPA 4 h group treated with control protein; grey bars: the tPA 4 h group treated with recombinant PGRN (rPGRN)

(n = 5). Six-point neurological scale (D) and mortality ratio (E) of the tPA 4 h group treated with control protein (n = 7) or recombinant PGRN

(n = 6). *P5 0.05, **P5 0.01.
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expression in neurons within the ischaemic core, increased

level of PGRN expression in the surviving neurons, as well

as induction of PGRN expression in microglia and endo-

thelial cells in the ischaemic penumbra. Immunoblot ana-

lyses demonstrated that the fully glycosylated mature

secretory isoform (�88 kDa) decreased, while the glycosy-

lated immature isoform (58–68 kDa) markedly increased

after reperfusion. In addition, in vitro experiments revealed

that the glycosylated mature isoform was secreted from

neurons and microglia, and the glycosylated immature iso-

form was secreted only from microglia. Consistent with this

finding, immunohistochemical analyses demonstrated a

marked increase in PGRN-positive microglia at 72 h after

reperfusion in ischaemic rats. These findings suggest that

the marked increase in the glycosylated immature isoform

of 58–68 kDa PGRN after reperfusion was caused by

microglia.

We next demonstrated that PGRN has multiple thera-

peutic effects against ischaemic brain injury. First, we

found that PGRN could attenuate blood–brain barrier dis-

ruption after acute focal cerebral ischaemia. We demon-

strated for the first time that PGRN is expressed in the

endothelial cells in the ischaemic penumbra. A previous

report has shown that PGRN is induced in the capillary

endothelium of wound granulation tissue and promotes the

mitosis and migration of adult dermal microvascular cells

(He et al., 2003b), although PGRN is not expressed in the

healthy endothelium (Daniel et al., 2000). We speculated

that the expression of PGRN in endothelial cells may be

involved in the vascular protection or repair against ischae-

mic injury. Indeed, cerebral oedema volume in Pgrn knock-

out mice was larger than that in wild-type mice after focal

cerebral ischaemia. Regarding the mechanism by which

PGRN regulates vascular permeability, we considered that

cerebral oedema is not caused by recruitment of neutrophils

and microglia based on the findings from immunostainings

using wild-type and Pgrn knockout mice. A very recent

study demonstrated the involvement of the PDGF receptor

pathway using Pgrn knockout mice (Jackman et al., 2013).

We proposed another possibility that PGRN might regulate

vascular permeability via VEGF pathway, because we

observed more prominent expression of VEGF in Pgrn

knockout mice than in wild-type mice after focal cerebral

ischaemia. In addition, Pgrn knockout microglia itself se-

creted VEGF and the conditioned media from Pgrn knock-

out microglia synergically stimulated VEGF secretion from

Pgrn knockout astrocytes after OGD. Although we could

not identify the specific molecules that stimulate VEGF ex-

pression, a recent study demonstrated that PGRN might

inhibit cerebral oedema via NF-�B (Egashira et al., 2013),

which activates VEGF transcription (Yoshida et al., 1998).
PGRN may regulate vascular permeability by inhibiting

microglial production of molecules that activate NF-�B-

VEGF signalling pathway.

In breast cancer, high levels of PGRN result in increased

VEGF production (Tangkeangsirisin et al., 2004), while in

this study of ischaemia, depletion of PGRN increased

VEGF expression. Furthermore, we showed clear increases

in PGRN expression in vessels of the penumbra (Fig. 2C),

which is similar to what has been reported in peripheral

wounds (He et al., 2003b). Because elevated levels of

PGRN have a significant biological effect on vessel

growth that might be independent of VEGF (Toh et al.,

2013), some of the effects of Pgrn knockout on penumbral

blood vessels might be mediated directly by PGRN loss

rather than via increased VEGF expression (Jackman

et al., 2013). Further studies are needed to clarify the mech-

anism underlying PGRN-mediated vascular permeability.

Second, PGRN may suppress neuroinflammation after

acute focal cerebral ischaemia via the anti-inflammatory

cytokine, IL10. We demonstrated that the number of

PGRN-positive microglia (CD68/ED1-positive cells)

increased in the ischaemic core of Sprague-Dawley rats,

and that the primary cultured-microglia from Pgrn knock-

out mice showed a decrease in the levels of IL10 under

OGD, although levels of inflammatory cytokines such as

TNF-� and TGF-b were not changed. Consistent with

this finding, previous studies reported that the level of

IL10 in glial cells from PGRN-overexpressing transgenic

mice was higher than that from wild-type mice (Tao

et al., 2012), and that the macrophage/microglia from

Pgrn knockout mice released less IL10 than from wild-

type mice when exposed to bacterial lipopolysaccharide

(Yin et al., 2010). However, findings on pro-inflammatory

cytokines are controversial and inconclusive. It has been

demonstrated that levels of other pro-inflammatory cyto-

kines (IL1B, IL6 and TNF-�) in glial cells from PGRN-

overexpressing transgenic mice were lower than those

from wild-type mice (Tao et al., 2012), and that they

were increased in the macrophage/microglia from Pgrn

knockout mice compared to wild-type mice when mice

exposed to bacterial lipopolysaccharide (Yin et al., 2010).
In contrast, a very recent study demonstrated that mRNA

levels of Il1b, Il6, TNF-� (now known as Tnf), and TGF-b
(now known as Tgfb1) (Il10 not examined) after ischaemic

brain injury were not associated with Pgrn knockout con-

dition as seen in our results (Jackman et al., 2013). We

consider, based on our findings, that PGRN may suppress

neuroinflammation via IL10 not by inhibiting pro-inflam-

matory cytokines.

Third, we confirmed that PGRN might play a neuropro-

tective role against acute focal cerebral ischaemia in vitro

and in vivo. Neuronal PGRN decreased in the ischaemic

core where neuronal death occurred, and increased in the

ischaemic penumbra where neuronal survival occurred after

acute focal cerebral ischaemia. In vitro studies demon-

strated that the neuronal cells and microglia produced

and secreted PGRN after ischaemia, and that exogenous

recombinant PGRN could suppress neuronal cell death

under OGD. Although PGRN has been shown to have

neurotrophic effects, the exact mechanism remains un-

known (Van Damme et al., 2008; Laird et al., 2010). We

consider that the neurotrophic effects of PGRN might be

explained in part by the inhibition of abnormal cytoplasmic
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redistribution of nuclear TARDBP (Zhang et al., 2007,

2009). Stated another way, the decreased level of PGRN

might cause loss of function of TARDBP in neurons, result-

ing in neuronal damage.

Finally, we demonstrated that intravenously administered

recombinant PGRN reduced volumes of cerebral infarct

and oedema, suppressed haemorrhagic transformation,

and improved motor outcome with delayed tPA treatment

resulting in haemorrhagic transformation that is similar to

human stroke, in a rat autologous embolic model

(Kanazawa et al., 2011a; Kawamura et al., 2014). A pre-

vious study reported that intraventricular administration of

recombinant PGRN reduced cerebral infarct and oedema in

a mouse focal suture ischaemic model (Egashira et al.,

2013), although this model and injection route poorly re-

flected the clinical practice. Our findings indicate the pos-

sibility that recombinant PGRN could be used as a novel

neurovascular protective drug with anti-inflammatory effect

after delayed tPA treatment.

Because of the importance of protein glycosylation in

mediating a wide range of biological processes, character-

ization of glycan structures is necessary to understand the

structure–function relationship (Songsrirote et al., 2010).

Therefore, we chose the full-length glycosylated recombin-

ant PGRN protein. We could not evaluate the impact of

glycosylated status of the PGRN on neuronal cells because

it is technically hard to use deglycosylated PGRN after

PNGase assay because of reagent toxicities for cells.

Further studies are needed to determine the impact of gly-

cosylation status for recombinant PGRN on this effect.

In conclusion, we demonstrated dynamic changes of ex-

pression and localization of PGRN after acute focal cere-

bral ischaemia. PGRN may be a novel therapeutic target

that provides vascular protection, anti-neuroinflammation,

and neuroprotection related in part to VEGF, IL10 and

TARDBP, respectively.
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redistribution of nuclear TARDBP (Zhang et al., 2007,

2009). Stated another way, the decreased level of PGRN

might cause loss of function of TARDBP in neurons, result-

ing in neuronal damage.

Finally, we demonstrated that intravenously administered

recombinant PGRN reduced volumes of cerebral infarct

and oedema, suppressed haemorrhagic transformation,

and improved motor outcome with delayed tPA treatment

resulting in haemorrhagic transformation that is similar to

human stroke, in a rat autologous embolic model

(Kanazawa et al., 2011a; Kawamura et al., 2014). A pre-

vious study reported that intraventricular administration of

recombinant PGRN reduced cerebral infarct and oedema in

a mouse focal suture ischaemic model (Egashira et al.,

2013), although this model and injection route poorly re-

flected the clinical practice. Our findings indicate the pos-

sibility that recombinant PGRN could be used as a novel

neurovascular protective drug with anti-inflammatory effect

after delayed tPA treatment.

Because of the importance of protein glycosylation in

mediating a wide range of biological processes, character-

ization of glycan structures is necessary to understand the

structure–function relationship (Songsrirote et al., 2010).

Therefore, we chose the full-length glycosylated recombin-

ant PGRN protein. We could not evaluate the impact of

glycosylated status of the PGRN on neuronal cells because

it is technically hard to use deglycosylated PGRN after

PNGase assay because of reagent toxicities for cells.

Further studies are needed to determine the impact of gly-

cosylation status for recombinant PGRN on this effect.

In conclusion, we demonstrated dynamic changes of ex-

pression and localization of PGRN after acute focal cere-

bral ischaemia. PGRN may be a novel therapeutic target

that provides vascular protection, anti-neuroinflammation,

and neuroprotection related in part to VEGF, IL10 and

TARDBP, respectively.
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Objective: Neuromyelitis optica spectrum disorder (NMOsd) is an autoimmune disorder of the central nervous sys-
tem characterized by aquaporin-4 (AQP4) autoantibodies. The aim of this study was to elucidate the characteristics
of involvement of the anterior visual pathway (AVP) and neurodegeneration via glia–neuron interaction in NMOsd.
Methods: Thirty Japanese patients with serologically verified NMOsd were assessed with a neuro-ophthalmological
study. Using 27 tissue blocks from 13 other cases of NMOsd, we performed neuropathological analysis of glial and
neuroaxonal involvement in the AVP.
Results: The AVP involvement in NMOsd was characterized by the following, compared to multiple sclerosis: (1) lon-
gitudinally extensive optic neuritis (ON); (2) more severe visual impairment and worse prognosis for ON; (3) unique
AQP4 dynamics, including loss of AQP4 immunoreactivity on astrocytes with complement activation in ON lesions,
loss of AQP4 immunoreactivity on M€uller cells with no deposition of complement in the retinas, and densely packed
AQP4 immunoreactivity on astrocytes in gliosis of secondary anterograde/retrograde degeneration in the optic
nerves and retinal nerve fiber layer (RNFL); and (4) more severe neurodegeneration, including axonal accumulation of
degenerative mitochondria and transient receptor potential melastatin 4 channel with complement-dependent astro-
cyte pathology in ON lesions, mild loss of horizontal cells, and RNFL thinning and loss of ganglion cells with abun-
dance of AQP41 astrocytes, indicating secondary retrograde degeneration after ON.
Interpretation: Severe and widespread neuroaxonal damage and unique dynamics of astrocytes/M€uller cells with
alterations of AQP4 were prominent in the AVP and may be associated with poor visual function and prognosis in
NMOsd.
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Neuromyelitis optica (NMO) spectrum disorder

(NMOsd)1 and multiple sclerosis (MS) are the two

main autoimmune, inflammatory, and demyelinating

syndromes of the central nervous system (CNS). The

serum NMO immunoglobulin G autoantibody targets

the water channel aquaporin-4 (AQP4) and is a specific

marker of NMOsd.2,3 The anterior visual pathway

(AVP), which includes the retinas and the pathway from

the optic nerves to the lateral geniculate nuclei, is a fre-

quent site of injury, as shown by the presence of optic

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.24608

Received Aug 14, 2015, and in revised form Jan 28, 2016. Accepted for publication Jan 29, 2016.

Address correspondence to Dr Kawachi, Department of Neurology, Brain Research Institute, Niigata University, 1-757 Asahimachi, Chuo-ku, Niigata

951-8585, Japan. E-mail: ikawachi@bri.niigata-u.ac.jp

From the 1Department of Neurology, Brain Research Institute, Niigata University, Niigata; 2Department of Pathology, Brain Research Institute, Niigata

University, Niigata; 3Department of Neurosurgery, Brain Research Institute, Niigata University, Niigata; 4Center for Integrated Human Brain Science,

Brain Research Institute, Niigata University, Niigata; 5Department of Ophthalmology, Niigata University, Niigata; 6Department of Pathology, Niigata

University Medical and Dental Hospital, Niigata; 7Department of Medical Informatics, Niigata University Medical and Dental Hospital, Niigata; and
8Department of Brain Disease Research, Shinshu University School of Medicine, Matsumoto, Nagano, Japan.

Additional supporting information can be found in the online version of this article.

VC 2016 American Neurological Association 605

Kleinberger G, Wils H, Ponsaerts P, Joris G, Timmermans JP, Van
Broeckhoven C, et al. Increased caspase activation and decreased

TDP-43 solubility in progranulin knockout cortical cultures. J

Neurochem 2010; 115: 735–47.

Krishnamurthy RG, Senut MC, Zemke D, Min J, Frenkel MB,
Greenberg EJ, et al. Asiatic acid, a pentacyclic triterpene from

Centella asiatica, is neuroprotective in a mouse model of focal

cerebral ischemia. J Neurosci Res 2009; 87: 2541–50.

Laird AS, Van Hoecke A, De Muynck L, Timmers M, Van den
Bosch L, Van Damme P, et al. Progranulin is neurotrophic in vivo

and protects against a mutant TDP-43 induced axonopathy. PLoS

One 2010; 5: e13368.
Liau LM, Lallone RL, Seitz RS, Buznikov A, Gregg JP, Kornblum HI,

et al. Identification of a human glioma-associated growth factor

gene, granulin, using differential immuno-absorption. Cancer Res

2000; 60: 1353–60.
Mabuchi T, Kitagawa K, Ohtsuki T, Kuwabara K, Yagita Y,

Yanagihara T, et al. Contribution of microglia/macrophages to ex-

pansion of infarction and response of oligodendrocytes after focal

cerebral ischemia in rats. Stroke 2000; 31: 1735–43.
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Objective: Neuromyelitis optica spectrum disorder (NMOsd) is an autoimmune disorder of the central nervous sys-
tem characterized by aquaporin-4 (AQP4) autoantibodies. The aim of this study was to elucidate the characteristics
of involvement of the anterior visual pathway (AVP) and neurodegeneration via glia–neuron interaction in NMOsd.
Methods: Thirty Japanese patients with serologically verified NMOsd were assessed with a neuro-ophthalmological
study. Using 27 tissue blocks from 13 other cases of NMOsd, we performed neuropathological analysis of glial and
neuroaxonal involvement in the AVP.
Results: The AVP involvement in NMOsd was characterized by the following, compared to multiple sclerosis: (1) lon-
gitudinally extensive optic neuritis (ON); (2) more severe visual impairment and worse prognosis for ON; (3) unique
AQP4 dynamics, including loss of AQP4 immunoreactivity on astrocytes with complement activation in ON lesions,
loss of AQP4 immunoreactivity on M€uller cells with no deposition of complement in the retinas, and densely packed
AQP4 immunoreactivity on astrocytes in gliosis of secondary anterograde/retrograde degeneration in the optic
nerves and retinal nerve fiber layer (RNFL); and (4) more severe neurodegeneration, including axonal accumulation of
degenerative mitochondria and transient receptor potential melastatin 4 channel with complement-dependent astro-
cyte pathology in ON lesions, mild loss of horizontal cells, and RNFL thinning and loss of ganglion cells with abun-
dance of AQP41 astrocytes, indicating secondary retrograde degeneration after ON.
Interpretation: Severe and widespread neuroaxonal damage and unique dynamics of astrocytes/M€uller cells with
alterations of AQP4 were prominent in the AVP and may be associated with poor visual function and prognosis in
NMOsd.
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Neuromyelitis optica (NMO) spectrum disorder

(NMOsd)1 and multiple sclerosis (MS) are the two

main autoimmune, inflammatory, and demyelinating

syndromes of the central nervous system (CNS). The

serum NMO immunoglobulin G autoantibody targets

the water channel aquaporin-4 (AQP4) and is a specific

marker of NMOsd.2,3 The anterior visual pathway

(AVP), which includes the retinas and the pathway from

the optic nerves to the lateral geniculate nuclei, is a fre-

quent site of injury, as shown by the presence of optic
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neuritis (ON) during the course of NMOsd. Compared

to MS, ON in NMOsd is characterized as follows: (1)

visual loss is generally more severe in NMOsd4; (2) the

occurrence of bilateral simultaneous ON is more sugges-

tive of NMOsd5; and (3) optic coherence tomography

(OCT) assessment in NMOsd demonstrates a thinner

retinal nerve fiber layer (RNFL), suggesting more wide-

spread axonal injury.6,7

In the optic nerves, chiasm, and tracts, expression

of AQP4 is generally enriched in astrocytic endfoot

membrane domains that face capillaries and the pia in

the CNS.8 In the retinas, a striking feature of AQP4

expression is its polarized distribution in 2 types of reti-

nal glia: (1) M€uller cells, which are a specialized form of

radial glia spanning the width of the retina from the

inner limiting membrane to the outer limiting mem-

brane, with the cell soma lying within the inner nuclear

layer (INL); and (2) retinal astrocytes, which are mostly

localized in the RNFL, which is composed predomi-

nantly of unmyelinated axons of retinal ganglion cells.

However, little is known about the details of the pathol-

ogy in the AVP, including the dynamics of AQP4 expres-

sion in M€uller cells and astrocytes in NMOsd. Here we

report that more severe and widespread neuroaxonal

damage and unique dynamics of AQP4 in astrocytes/

M€uller cells was prominent in the AVP and may be asso-

ciated with visual function and prognosis in NMOsd by

using neuro-ophthalmological, radiological, and patho-

logical assessments.

Patients and Methods

Neuro-ophthalmological and Neuroradiological
Assessments
We retrospectively reviewed the medical records of 79 Japanese

patients (67 women, 12 men; 30 patients with NMOsd, 49

patients with MS) between 2000 and 2013 at the MS/NMO

clinic in the Department of Neurology at Niigata University

Hospital. Patients were included in the study according to these

ocular criteria: (1) intraocular pressure <20mmHg; (2) absence

of current or previous history of other ocular diseases, including

glaucoma, retinal detachment, early age-related macular degen-

eration, other macular degeneration, and retinal vascular dis-

eases; and (3) adequate clinical data on follow-up

(Supplementary Table 1). AQP4 autoantibodies were measured

in the sera of all patients using the method described in our

previous reports.9,10 We stringently defined the definite form of

NMOsd as fulfilling all items of the 2006 NMO criteria,1 and

limited NMOsd to either: (1) ON and seropositivity for AQP4

autoantibodies but without spinal cord involvement or (2) mye-

litis with seropositivity for AQP4 autoantibodies but without

optic nerve involvement. As a disease control, MS was defined

as clinically definite MS according to the International Panel

criteria for MS,11 after excluding definite and limited NMOsd.

In NMOsd and MS patients, ON-affected eyes were defined as

eyes with a previous clinical episode of ON or abnormalities in

the AVP on magnetic resonance imaging (MRI) findings. ON-

unaffected eyes were defined as eyes with no history of ON, no

abnormalities in the AVP on MRI findings, and no abnormal-

ities in the visual field (VF).

Visual function testing was performed using visual acuity

(VA; Landolt broken ring chart), VF (automatic perimetry;

Humphrey; Carl Zeiss Meditec, Jena, Germany), and visual-

evoked potential (Neuropack X1; Nihon Kohden, Tokyo,

Japan). OCT was performed on both eyes using Fourier/spec-

tral-domain (F/SD)-OCT with an RTVue-100 instrument

(Optovue, Fremont, CA) with software version A4.0.

To detect ON lesions with MRI, coronal-oblique fat-satu-

rated dual echo fast spin-echo images with 3mm-thick slices,

coronal-oblique 3-dimensional (3D) fast imaging employing

steady-state acquisition with 0.8- to 1.0mm-thick slices, and

coronal-oblique fat-saturated T1-weighted spin-echo images

with 3mm-thick slices before and after administration of

0.1mmol/kg intravenous gadolinium were acquired using a

1.5T scanner (GE Medical Systems, Milwaukee, WI; Philips

Achieve, Philips Medical Systems, Best, the Netherlands). The

3D double inversion recovery (DIR) images (repetition time 5

5,500 milliseconds, echo time 5 350 milliseconds, inversion

time 1 (TI1) 5 2,350 milliseconds; TI2 5 350 milliseconds,

number of excitations 5 2, echo train length 5 208, measured

voxel size 5 1.30 3 1.31 3 1.30mm) were acquired using a

1.5T scanner.

The present study was approved by the institutional

review board of the Niigata University School of Medicine, Nii-

gata, Japan. Written informed consent was obtained from all

patients or their guardians.

Neuropathological Assessments
This study was conducted on retina and optic nerve tissues

from 13 patients with NMOsd (3 retinas, 13 optic nerves), 7

patients with MS (1 retina, 7 optic nerves), and 8 patients with

other diseases (as controls; 4 retinas, 4 optic nerves; Supplemen-

tary Table 2). These individuals were different from those who

underwent neuro-ophthalmological and neuroradiological

assessments. One to 4 blocks of retinas and optic nerves were

assessed per autopsy case. Four-micrometer-thick, paraffin-

embedded sections were obtained and stained with hematoxylin

and eosin, Kl€uver–Barrera staining, and Bodian silver impregna-

tion. Selected sections were immunostained with polyclonal or

monoclonal antibodies (Supplementary Table 3).9,12,13 All

NMOsd and MS lesions were classified according to lesion

activity.14 The area of Wallerian degeneration (Wld) was

defined as an extensive loss of myelin and axons and profound

gliosis with densely packed glial fibrillary acidic protein (GFAP)

and AQP4 immunoreactivity (IR). For quantitative assessment,

the content of mitochondria or channel proteins was deter-

mined as the volume occupied in axons using X-Y and X-Z

confocal images, or as a percentage of the axonal volumes.

Serial optical sections at intervals of 0.49lm in the Z dimen-

sion were captured by using a LSM510 or LSM710 laser
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TABLE 1. Clinical Characteristics of Neuro-ophthalmological Assessment

Characteristic NMOsd Patients,
25 Eyes, 28 Attacks

MS Patients,
22 Eyes, 25 Attacks

Episodes of anterior visual pathway
involvement, No.a

1.1 6 0.4 1.2 6 0.4

Spherical equivalent, dioptersa 23.1 6 2.1 22.1 6 2.5

Optic nerve head involvement at ON attacks,
No. (%)

10/28 (36) 4/25 (16)

Visual acuity analysis

Visual acuity, logMAR, at ON attacks,
median [range]

1.52 [0.73–3.00]b 0.30 [0–1.35]b

Severe visual loss at ON attacks, No. (%)c 20/28 (71)b 9/25 (36)b

Severe visual loss at 6 months after ON attacks,
No. (%)c

9/28 (32)b 0/25 (0)b

Chronic progressive visual disturbance,
No. (%)d

7/28 (25) 2/25 (8)

Visual field defects at ON attacks

MD, dBa 216.4 6 9.1b 28.4 6 6.7b

PSD, dBa 11.0 6 3.8b 6.0 6 3.8b

CPSD, dBa 10.6 6 4.6b 4.9 6 2.7b

I. Neurologic abnormalities, No. (%) 7/28 (25) 1/25 (4)

I.1. Vertical step 0 (0) 1 (4)

I.2. Quadrant 0 (0) 0 (0)

I.3. Partial hemianopia 0 (0) 0 (0)

I.4. Hemianopia 3 (11) 0 (0)

I.5. Three quadrant 4 (14)b 0 (0)b

II.1. Nerve fiber bundle abnormalities, No. (%) 5/28 (18) 3/25 (12)

II.1.a. Temporal wedge 0 (0) 0 (0)

II.1.b. Enlarged blind spot 0 (0) 1 (4)

II.1.c. Nasal step 1 (4) 0 (0)

II.1.d. Paracentral 1 (4) 0 (0)

II.1.e. Partial arcuate 0 (0) 0 (0)

II.1.f. Arcuate 0 (0) 2 (8)

II.1.g. Altitudinal 3 (11) 0 (0)

II.2. Diffuse abnormalities, No. (%) 0/28 (0) 6/25 (24)

II.2.a. Multiple foci 0 (0) 2 (8)

II.2.b. Widespread 0 (0) 4 (16)

II.3. Central abnormalities, No. (%) 4/28 (14)b 13/25 (52)b

II.3.a. Centrocecal 2 (7) 0 (0)

II.3.b. Central 2 (7)b 13 (52)b

II.4. Total loss of vision, No. (%) 12/28 (43)b 1/25 (4)b
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neuritis (ON) during the course of NMOsd. Compared

to MS, ON in NMOsd is characterized as follows: (1)

visual loss is generally more severe in NMOsd4; (2) the

occurrence of bilateral simultaneous ON is more sugges-

tive of NMOsd5; and (3) optic coherence tomography

(OCT) assessment in NMOsd demonstrates a thinner

retinal nerve fiber layer (RNFL), suggesting more wide-

spread axonal injury.6,7

In the optic nerves, chiasm, and tracts, expression

of AQP4 is generally enriched in astrocytic endfoot

membrane domains that face capillaries and the pia in

the CNS.8 In the retinas, a striking feature of AQP4

expression is its polarized distribution in 2 types of reti-

nal glia: (1) M€uller cells, which are a specialized form of

radial glia spanning the width of the retina from the

inner limiting membrane to the outer limiting mem-

brane, with the cell soma lying within the inner nuclear

layer (INL); and (2) retinal astrocytes, which are mostly

localized in the RNFL, which is composed predomi-

nantly of unmyelinated axons of retinal ganglion cells.

However, little is known about the details of the pathol-

ogy in the AVP, including the dynamics of AQP4 expres-

sion in M€uller cells and astrocytes in NMOsd. Here we

report that more severe and widespread neuroaxonal

damage and unique dynamics of AQP4 in astrocytes/

M€uller cells was prominent in the AVP and may be asso-

ciated with visual function and prognosis in NMOsd by

using neuro-ophthalmological, radiological, and patho-

logical assessments.

Patients and Methods

Neuro-ophthalmological and Neuroradiological
Assessments
We retrospectively reviewed the medical records of 79 Japanese

patients (67 women, 12 men; 30 patients with NMOsd, 49

patients with MS) between 2000 and 2013 at the MS/NMO

clinic in the Department of Neurology at Niigata University

Hospital. Patients were included in the study according to these

ocular criteria: (1) intraocular pressure <20mmHg; (2) absence

of current or previous history of other ocular diseases, including

glaucoma, retinal detachment, early age-related macular degen-

eration, other macular degeneration, and retinal vascular dis-

eases; and (3) adequate clinical data on follow-up

(Supplementary Table 1). AQP4 autoantibodies were measured

in the sera of all patients using the method described in our

previous reports.9,10 We stringently defined the definite form of

NMOsd as fulfilling all items of the 2006 NMO criteria,1 and

limited NMOsd to either: (1) ON and seropositivity for AQP4

autoantibodies but without spinal cord involvement or (2) mye-

litis with seropositivity for AQP4 autoantibodies but without

optic nerve involvement. As a disease control, MS was defined

as clinically definite MS according to the International Panel

criteria for MS,11 after excluding definite and limited NMOsd.

In NMOsd and MS patients, ON-affected eyes were defined as

eyes with a previous clinical episode of ON or abnormalities in

the AVP on magnetic resonance imaging (MRI) findings. ON-

unaffected eyes were defined as eyes with no history of ON, no

abnormalities in the AVP on MRI findings, and no abnormal-

ities in the visual field (VF).

Visual function testing was performed using visual acuity

(VA; Landolt broken ring chart), VF (automatic perimetry;

Humphrey; Carl Zeiss Meditec, Jena, Germany), and visual-

evoked potential (Neuropack X1; Nihon Kohden, Tokyo,

Japan). OCT was performed on both eyes using Fourier/spec-

tral-domain (F/SD)-OCT with an RTVue-100 instrument

(Optovue, Fremont, CA) with software version A4.0.

To detect ON lesions with MRI, coronal-oblique fat-satu-

rated dual echo fast spin-echo images with 3mm-thick slices,

coronal-oblique 3-dimensional (3D) fast imaging employing

steady-state acquisition with 0.8- to 1.0mm-thick slices, and

coronal-oblique fat-saturated T1-weighted spin-echo images

with 3mm-thick slices before and after administration of

0.1mmol/kg intravenous gadolinium were acquired using a

1.5T scanner (GE Medical Systems, Milwaukee, WI; Philips

Achieve, Philips Medical Systems, Best, the Netherlands). The

3D double inversion recovery (DIR) images (repetition time 5

5,500 milliseconds, echo time 5 350 milliseconds, inversion

time 1 (TI1) 5 2,350 milliseconds; TI2 5 350 milliseconds,

number of excitations 5 2, echo train length 5 208, measured

voxel size 5 1.30 3 1.31 3 1.30mm) were acquired using a

1.5T scanner.

The present study was approved by the institutional

review board of the Niigata University School of Medicine, Nii-

gata, Japan. Written informed consent was obtained from all

patients or their guardians.

Neuropathological Assessments
This study was conducted on retina and optic nerve tissues

from 13 patients with NMOsd (3 retinas, 13 optic nerves), 7

patients with MS (1 retina, 7 optic nerves), and 8 patients with

other diseases (as controls; 4 retinas, 4 optic nerves; Supplemen-

tary Table 2). These individuals were different from those who

underwent neuro-ophthalmological and neuroradiological

assessments. One to 4 blocks of retinas and optic nerves were

assessed per autopsy case. Four-micrometer-thick, paraffin-

embedded sections were obtained and stained with hematoxylin

and eosin, Kl€uver–Barrera staining, and Bodian silver impregna-

tion. Selected sections were immunostained with polyclonal or

monoclonal antibodies (Supplementary Table 3).9,12,13 All

NMOsd and MS lesions were classified according to lesion

activity.14 The area of Wallerian degeneration (Wld) was

defined as an extensive loss of myelin and axons and profound

gliosis with densely packed glial fibrillary acidic protein (GFAP)

and AQP4 immunoreactivity (IR). For quantitative assessment,

the content of mitochondria or channel proteins was deter-

mined as the volume occupied in axons using X-Y and X-Z

confocal images, or as a percentage of the axonal volumes.

Serial optical sections at intervals of 0.49lm in the Z dimen-

sion were captured by using a LSM510 or LSM710 laser
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TABLE 1. Clinical Characteristics of Neuro-ophthalmological Assessment

Characteristic NMOsd Patients,
25 Eyes, 28 Attacks

MS Patients,
22 Eyes, 25 Attacks

Episodes of anterior visual pathway
involvement, No.a

1.1 6 0.4 1.2 6 0.4

Spherical equivalent, dioptersa 23.1 6 2.1 22.1 6 2.5

Optic nerve head involvement at ON attacks,
No. (%)

10/28 (36) 4/25 (16)

Visual acuity analysis

Visual acuity, logMAR, at ON attacks,
median [range]

1.52 [0.73–3.00]b 0.30 [0–1.35]b

Severe visual loss at ON attacks, No. (%)c 20/28 (71)b 9/25 (36)b

Severe visual loss at 6 months after ON attacks,
No. (%)c

9/28 (32)b 0/25 (0)b

Chronic progressive visual disturbance,
No. (%)d

7/28 (25) 2/25 (8)

Visual field defects at ON attacks

MD, dBa 216.4 6 9.1b 28.4 6 6.7b

PSD, dBa 11.0 6 3.8b 6.0 6 3.8b

CPSD, dBa 10.6 6 4.6b 4.9 6 2.7b

I. Neurologic abnormalities, No. (%) 7/28 (25) 1/25 (4)

I.1. Vertical step 0 (0) 1 (4)

I.2. Quadrant 0 (0) 0 (0)

I.3. Partial hemianopia 0 (0) 0 (0)

I.4. Hemianopia 3 (11) 0 (0)

I.5. Three quadrant 4 (14)b 0 (0)b

II.1. Nerve fiber bundle abnormalities, No. (%) 5/28 (18) 3/25 (12)

II.1.a. Temporal wedge 0 (0) 0 (0)

II.1.b. Enlarged blind spot 0 (0) 1 (4)

II.1.c. Nasal step 1 (4) 0 (0)

II.1.d. Paracentral 1 (4) 0 (0)

II.1.e. Partial arcuate 0 (0) 0 (0)

II.1.f. Arcuate 0 (0) 2 (8)

II.1.g. Altitudinal 3 (11) 0 (0)

II.2. Diffuse abnormalities, No. (%) 0/28 (0) 6/25 (24)

II.2.a. Multiple foci 0 (0) 2 (8)

II.2.b. Widespread 0 (0) 4 (16)

II.3. Central abnormalities, No. (%) 4/28 (14)b 13/25 (52)b

II.3.a. Centrocecal 2 (7) 0 (0)

II.3.b. Central 2 (7)b 13 (52)b

II.4. Total loss of vision, No. (%) 12/28 (43)b 1/25 (4)b
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confocal microscope (Carl Zeiss, Gottingen, Germany), and

Imaris software 7.6.4 (Bitplane, Zurich, Switzerland) was used

to generate the 3D reconstructed images.15 Sections with long

(�20lm) axonal segments were identified based on an estab-

lished morphological study and after minimizing identification

of false-positive segments lacking mitochondrial elements

because of the naturally discontinuous distribution of mito-

chondrial elements and the variability in the intermitochondrial

distance within axons. To obtain these data, we quantified axo-

nal morphology and the volume of mitochondria or channel

proteins in 262 images (3100 objective) acquired from 2 to 6

fields of each area in 20 tissue blocks of the optic nerves from

8 NMOsd cases, 4 MS cases, and 5 controls.

Statistical Analyses
Data analyses were performed using GraphPad Prism 5 software

(GraphPad Software, San Diego, CA), IBM SPSS 19 (IBM, Chi-

cago, IL), and Stata 11 software (StataCorp, College Station,

TX). Comparisons of medians and proportions between NMOsd

and MS groups were performed using the Mann–Whitney U

test or the Fisher exact test. Statistical tests among �3 subgroups

were performed using analysis of variance, the Kruskal–Wallis H

test, or the chi-square test. Multiple comparisons among sub-

groups were performed using the Bonferroni or Bonferroni–

Dunn tests. Generalized estimating equation (GEE) models,

accounting for the history of ON, age, and the effects of within-

patient and intereye correlations, were used to determine the

TABLE 1: Continued

Characteristic NMOsd Patients,
25 Eyes, 28 Attacks

MS Patients,
22 Eyes, 25 Attacks

Artifactual abnormalities, No. (%) 0/28 (0) 1/25 (4)

Normal, No. (%) 0/28 (0) 0/25 (0)

VEP analysis at ON attacks

VEP abnormalities, No. (%) 12/13 (92) 15/16 (94)
aMean 6 standard deviation.
bStatistically significant difference between the linked values (p < 0.05).
cSevere visual loss was defined as visual acuity worse than 20/200 (1.0 logMAR).
dChronic visual disturbance was defined as progressive abnormalities of visual acuity (10.3 logMAR or more) and/or visual field
for >2 months.
CPSD 5 corrected pattern standard deviation; MD 5 mean deviation; MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica
spectrum disorder; ON 5 optic neuritis; PSD 5 pattern standard deviation; VEP 5 visual evoked potential.

TABLE 2. Clinical Characteristics of Neuroradiological Assessment: Contrast-Enhanced Magnetic Resonance
Imaging Analysis of the Optic Nerves, Chiasma, and Tracts at the Time of ON Attack

Characteristic NMOsd Patients,
21 Eyes, 28 Attacks

MS Patients,
18 Eyes, 21 Attacks

Optic perineuritis, No. (%) 13/28 (46) 6/21 (29)

Simultaneous bilateral involvement, No. (%) 5/28 (18) 2/21 (10)

Distribution of abnormal enhancement during
ON attacks, No. (%)

Nerve head segment involvement 0/28 (0) 0/21 (0)

Orbital segment involvement 24/28 (86)a 10/21 (48)a

Canalicular segment involvement 21/28 (75) 13/21 (62)

Intracranial segment involvement 9/28 (32) 6/21 (29)

Optic chiasm involvement 1/28 (4) 2/21 (10)

Optic tracts involvement 1/28 (4) 1/21 (5)
aStatistically significant difference between the linked values (p < 0.05).
MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica spectrum disorder; ON 5 optic neuritis.
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relationship with clinical parameters, including neuro-

ophthalmological and neuroradiological assessments (Tables 1–3;

Fig 1). For all GEE analyses, age was controlled in the models,

because this variable is an important factor in visual function

and RNFL thickness.16 Cumulative probabilities of the follow-

up visual performance as assessed with time to recovery of VA

with 3 lines change from the nadir of ON attacks or to recovery

of VA to 20/25 (0.1 logMAR) were estimated by the Kaplan–

Meier method, and the significance test among curves of cumu-

lative probabilities and survival rates was performed by the log-

rank test. All statistical analyses were considered significant at p

values of <0.05.

Results

Neuro-ophthalmological Features of NMOsd at
the Time of ON Attacks
Of the 158 eyes that met the inclusion criteria in the

series, 31 of 60 eyes (20 of 30 patients, 67%, 56 attacks)

with NMOsd and 41 of 98 eyes (26 of 49 patients,

53%, 57 attacks) with MS were diagnosed as having

AVP involvement.

For the neuro-ophthalmological assessments at the

time of ON attacks, eyes were excluded17 if the affected

eyes had a prior ON attack and vision did not return to

20/20 (0 logMAR), mean deviation (MD) < 22.00dB at

a prior ON attack, or if optic disk pallor, a known

baseline-corrected VA < 20/40 (>0.3 logMAR), or VF

loss due to any other ophthalmic disorder was present, and

then we evaluated each attack of ON-affected eyes with

NMOsd (25 eyes, 28 attacks) and MS (22 eyes, 25 attacks;

see Table 1). Among ON-affected eyes with NMOsd and

MS, the mean (standard deviation [SD]) number of epi-

sodes of AVP involvement in eyes with NMOsd and MS

was 1.1 (0.4) and 1.2 (0.4), respectively. In the VA analy-

sis, the median VA (logMAR) at the time of ON attacks

was significantly impared. The frequency of eyes with

severe visual loss, which was defined as VA worse than 20/

200 (1.0 logMAR), at onset was significantly higher in

eyes with NMOsd compared with those with MS. In the

VF analysis, the VF defects indicated by the average VF-

MD, pattern SD, and corrected pattern SD were signifi-

cantly impaired in eyes with NMOsd compared with those

with MS. VF morphological analysis using the Optic Neu-

ritis Treatment Trial classification18 demonstrated that

“neurologic abnormalities (I)” and “total loss of vision

(II.4)” were prominent in ON-affected eyes with NMOsd,

whereas “central abnormalities (II.3)” were evident in

those with MS. “Altitudinal abnormalities (II.1.g)” were

present in 3 of 28 (11%) attacks with NMOsd, but 0 of

25 (0%) attacks with MS.

Intriguingly, 7 of 28 (25%) attacks in NMOsd and

2 of 25 (8%) attacks in MS were associated with chronic

progressive visual deterioration, which was defined as

progressive abnormalities in VA (10.3 logMAR or more)

and/or VF for >2 months.

Neuroradiological Features on Enhanced MRI in
NMOsd at the Time of ON Attack
For the neuroradiological assessments at the time of ON

attacks, we evaluated the AVP using enhanced T1-

weighted images with fat suppression. Of 34 patients (17

patients with NMOsd; 17 patients with MS) who under-

went MRI examination at ON attack, abnormal enhance-

ment was present in 16 of 17 (94%) patients (21 eyes,

28 attacks) with NMOsd, and in 16 of 17 (94%)

patients (18 eyes, 21 attacks) with MS (see Table 2; Fig

1). MRI findings demonstrated that the length of abnor-

mally enhanced lesions in NMOsd patients was signifi-

cantly longer than those in MS patients, suggesting that

longitudinally extensive lesions were prominent in the

optic nerves in NMOsd. During attacks, radiologic

TABLE 3. Clinical Characteristics of Neuroradiological Assessment: Magnetic Resonance Imaging Double
Inversion Recovery Analysis of the Optic Nerves, Chiasma, and Tracts in Remission

Distribution of Abnormal
Intensity Lesion

NMOsd Patients,
13 Eyes, 36 Attacks

MS Patients,
18 Eyes, 41 Attacks

Nerve head segment involvement, No. (%) 0/13 (0) 0/18 (0)

Orbital segment involvement, No. (%) 13/13 (100) 17/18 (94)

Canalicular segment involvement, No. (%) 12/13 (92) 11/18 (61)

Intracranial segment involvement, No. (%) 10/13 (77)a 5/18 (28)a

Optic chiasm involvement, No. (%) 9/13 (69)a 3/18 (17)a

Optic tracts involvement, No. (%) 6/13 (46) 2/18 (11)
aStatistically significant difference between the linked values (p < 0.05). MS5multiple sclerosis; NMOsd5 neuromyelitis optica
spectrum disorder.
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confocal microscope (Carl Zeiss, Gottingen, Germany), and

Imaris software 7.6.4 (Bitplane, Zurich, Switzerland) was used

to generate the 3D reconstructed images.15 Sections with long

(�20lm) axonal segments were identified based on an estab-

lished morphological study and after minimizing identification

of false-positive segments lacking mitochondrial elements

because of the naturally discontinuous distribution of mito-

chondrial elements and the variability in the intermitochondrial

distance within axons. To obtain these data, we quantified axo-

nal morphology and the volume of mitochondria or channel

proteins in 262 images (3100 objective) acquired from 2 to 6

fields of each area in 20 tissue blocks of the optic nerves from

8 NMOsd cases, 4 MS cases, and 5 controls.

Statistical Analyses
Data analyses were performed using GraphPad Prism 5 software

(GraphPad Software, San Diego, CA), IBM SPSS 19 (IBM, Chi-

cago, IL), and Stata 11 software (StataCorp, College Station,

TX). Comparisons of medians and proportions between NMOsd

and MS groups were performed using the Mann–Whitney U

test or the Fisher exact test. Statistical tests among �3 subgroups

were performed using analysis of variance, the Kruskal–Wallis H

test, or the chi-square test. Multiple comparisons among sub-

groups were performed using the Bonferroni or Bonferroni–

Dunn tests. Generalized estimating equation (GEE) models,

accounting for the history of ON, age, and the effects of within-

patient and intereye correlations, were used to determine the

TABLE 1: Continued

Characteristic NMOsd Patients,
25 Eyes, 28 Attacks

MS Patients,
22 Eyes, 25 Attacks

Artifactual abnormalities, No. (%) 0/28 (0) 1/25 (4)

Normal, No. (%) 0/28 (0) 0/25 (0)

VEP analysis at ON attacks

VEP abnormalities, No. (%) 12/13 (92) 15/16 (94)
aMean 6 standard deviation.
bStatistically significant difference between the linked values (p < 0.05).
cSevere visual loss was defined as visual acuity worse than 20/200 (1.0 logMAR).
dChronic visual disturbance was defined as progressive abnormalities of visual acuity (10.3 logMAR or more) and/or visual field
for >2 months.
CPSD 5 corrected pattern standard deviation; MD 5 mean deviation; MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica
spectrum disorder; ON 5 optic neuritis; PSD 5 pattern standard deviation; VEP 5 visual evoked potential.

TABLE 2. Clinical Characteristics of Neuroradiological Assessment: Contrast-Enhanced Magnetic Resonance
Imaging Analysis of the Optic Nerves, Chiasma, and Tracts at the Time of ON Attack

Characteristic NMOsd Patients,
21 Eyes, 28 Attacks

MS Patients,
18 Eyes, 21 Attacks

Optic perineuritis, No. (%) 13/28 (46) 6/21 (29)

Simultaneous bilateral involvement, No. (%) 5/28 (18) 2/21 (10)

Distribution of abnormal enhancement during
ON attacks, No. (%)

Nerve head segment involvement 0/28 (0) 0/21 (0)

Orbital segment involvement 24/28 (86)a 10/21 (48)a

Canalicular segment involvement 21/28 (75) 13/21 (62)

Intracranial segment involvement 9/28 (32) 6/21 (29)

Optic chiasm involvement 1/28 (4) 2/21 (10)

Optic tracts involvement 1/28 (4) 1/21 (5)
aStatistically significant difference between the linked values (p < 0.05).
MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica spectrum disorder; ON 5 optic neuritis.
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relationship with clinical parameters, including neuro-

ophthalmological and neuroradiological assessments (Tables 1–3;

Fig 1). For all GEE analyses, age was controlled in the models,

because this variable is an important factor in visual function

and RNFL thickness.16 Cumulative probabilities of the follow-

up visual performance as assessed with time to recovery of VA

with 3 lines change from the nadir of ON attacks or to recovery

of VA to 20/25 (0.1 logMAR) were estimated by the Kaplan–

Meier method, and the significance test among curves of cumu-

lative probabilities and survival rates was performed by the log-

rank test. All statistical analyses were considered significant at p

values of <0.05.

Results

Neuro-ophthalmological Features of NMOsd at
the Time of ON Attacks
Of the 158 eyes that met the inclusion criteria in the

series, 31 of 60 eyes (20 of 30 patients, 67%, 56 attacks)

with NMOsd and 41 of 98 eyes (26 of 49 patients,

53%, 57 attacks) with MS were diagnosed as having

AVP involvement.

For the neuro-ophthalmological assessments at the

time of ON attacks, eyes were excluded17 if the affected

eyes had a prior ON attack and vision did not return to

20/20 (0 logMAR), mean deviation (MD) < 22.00dB at

a prior ON attack, or if optic disk pallor, a known

baseline-corrected VA < 20/40 (>0.3 logMAR), or VF

loss due to any other ophthalmic disorder was present, and

then we evaluated each attack of ON-affected eyes with

NMOsd (25 eyes, 28 attacks) and MS (22 eyes, 25 attacks;

see Table 1). Among ON-affected eyes with NMOsd and

MS, the mean (standard deviation [SD]) number of epi-

sodes of AVP involvement in eyes with NMOsd and MS

was 1.1 (0.4) and 1.2 (0.4), respectively. In the VA analy-

sis, the median VA (logMAR) at the time of ON attacks

was significantly impared. The frequency of eyes with

severe visual loss, which was defined as VA worse than 20/

200 (1.0 logMAR), at onset was significantly higher in

eyes with NMOsd compared with those with MS. In the

VF analysis, the VF defects indicated by the average VF-

MD, pattern SD, and corrected pattern SD were signifi-

cantly impaired in eyes with NMOsd compared with those

with MS. VF morphological analysis using the Optic Neu-

ritis Treatment Trial classification18 demonstrated that

“neurologic abnormalities (I)” and “total loss of vision

(II.4)” were prominent in ON-affected eyes with NMOsd,

whereas “central abnormalities (II.3)” were evident in

those with MS. “Altitudinal abnormalities (II.1.g)” were

present in 3 of 28 (11%) attacks with NMOsd, but 0 of

25 (0%) attacks with MS.

Intriguingly, 7 of 28 (25%) attacks in NMOsd and

2 of 25 (8%) attacks in MS were associated with chronic

progressive visual deterioration, which was defined as

progressive abnormalities in VA (10.3 logMAR or more)

and/or VF for >2 months.

Neuroradiological Features on Enhanced MRI in
NMOsd at the Time of ON Attack
For the neuroradiological assessments at the time of ON

attacks, we evaluated the AVP using enhanced T1-

weighted images with fat suppression. Of 34 patients (17

patients with NMOsd; 17 patients with MS) who under-

went MRI examination at ON attack, abnormal enhance-

ment was present in 16 of 17 (94%) patients (21 eyes,

28 attacks) with NMOsd, and in 16 of 17 (94%)

patients (18 eyes, 21 attacks) with MS (see Table 2; Fig

1). MRI findings demonstrated that the length of abnor-

mally enhanced lesions in NMOsd patients was signifi-

cantly longer than those in MS patients, suggesting that

longitudinally extensive lesions were prominent in the

optic nerves in NMOsd. During attacks, radiologic

TABLE 3. Clinical Characteristics of Neuroradiological Assessment: Magnetic Resonance Imaging Double
Inversion Recovery Analysis of the Optic Nerves, Chiasma, and Tracts in Remission

Distribution of Abnormal
Intensity Lesion

NMOsd Patients,
13 Eyes, 36 Attacks

MS Patients,
18 Eyes, 41 Attacks

Nerve head segment involvement, No. (%) 0/13 (0) 0/18 (0)

Orbital segment involvement, No. (%) 13/13 (100) 17/18 (94)

Canalicular segment involvement, No. (%) 12/13 (92) 11/18 (61)

Intracranial segment involvement, No. (%) 10/13 (77)a 5/18 (28)a

Optic chiasm involvement, No. (%) 9/13 (69)a 3/18 (17)a

Optic tracts involvement, No. (%) 6/13 (46) 2/18 (11)
aStatistically significant difference between the linked values (p < 0.05). MS5multiple sclerosis; NMOsd5 neuromyelitis optica
spectrum disorder.
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FIGURE 1: Radiological profiles of optic neuritis (ON) at the time of attacks in neuromyelitis optica (NMO) spectrum disorder
(NMOsd) and multiple sclerosis (MS). Anterior visual pathways (AVP) during ON in NMOsd and MS were examined by using
axial and coronal views of enhanced T1-weighted magnetic resonance images with fat suppression. (A) They were divided into
6 segments: head, orbital, canalicular, and intracranial segments of the optic nerves, the optic chiasm, and the optic tracts.
Abnormal enhancement on fat-suppressed magnetic resonance imaging (MRI; arrows) was present in patients with NMOsd and
MS. (B) The length of abnormally enhanced lesions in the AVP in NMOsd at the time of ON attacks (n 5 28 events) was signifi-
cantly longer than in MS attacks (n 5 21 events). The pattern of abnormal enhancement in the AVP at the time of ON attacks
was generally homogeneous in most NMOsd and MS patients (A). However, the pattern of optic nerve sheath enhancement,
which is referred to as a “tram track sign” on axial views and a “doughnut sign” on coronal views, was also present in 46% of
attacks in NMOsd patients and 29% of attacks in MS patients (A). This was defined as optic perineuritis (OPN).19 The patho-
logic evidence (see Fig 4) indicated that OPN was associated with more widespread meningeal and perineural inflammation
around the optic nerves. (C, D) Three-dimensional (3D) double inversion recovery (DIR) MRI detected accumulation of archival
ON lesions in NMOsd and MS. DIR MRI simultaneously suppresses the signals from white matter and cerebrospinal fluid (CSF).
A substantial increase in cortical demyelinating lesions in patients with MS was found compared to more conventional sequen-
ces, including fluid-attenuated inversion recovery (FLAIR) imaging.49 Therefore, not only cortical demyelinating lesions but also
ON lesions, which usually contact the CSF, were detected with high sensitivity by using DIR imaging (C, arrows) compared to
FLAIR imaging in ON lesions in NMOsd and MS. The distribution of abnormal intensity on 3D-DIR images showed accumulation
of archival lesions through the disease course, based on longitudinally evaluated MRI data. A representative case is shown in
D. A 38-year-old woman experienced 3 attacks of acute ON and 6 attacks of myelitis (M) during the 12 years after disease
onset. The distribution of abnormal intensity on 3D-DIR images 12 years after disease onset ($4, red, blue, and yellow arrow-
heads) equaled the addition of each abnormally enhanced lesion in 3 attacks of ON ($1, red arrowheads, 6 years after onset;
$2, blue arrowheads, 7 years after onset; $3, yellow arrowheads, 11 years after onset; D). Gd T1WI 5 gadolinium-enhanced
T1-weighted image; Lt. 5 left eye; Rt. 5 right eye.

ANNALS of Neurology

610 Volume 79, No. 4

characteristic features of optic perineuritis (OPN)19 were

marked in NMOsd patients (13 of 28 [46%] attacks)

compared to MS patients (6 of 21 [29%] attacks), but

the difference was not significant. Some patients with

NMOsd and MS retained abnormal enhancement with

the OPN pattern for >4 weeks.20 Five of 28 (18%)

attacks in NMOsd and 2 of 21 (10%) attacks in MS

simultaneously had bilateral optic nerve involvement.

Neuroradiological Features on 3D-DIR MRI in
NMOsd in Remission
Based on longitudinally evaluated MRI data, the distri-

bution of abnormal intensity on 3D-DIR images showed

accumulation of archival lesions throughout the disease

course (see Fig 1C, D). In remission, 3D-DIR MRI

assessments were performed in 14 patients (28 eyes) with

NMOsd and 28 patients (56 eyes) with MS. Thirteen of

28 (46%) eyes with NMOsd and 18 of 56 (32%) eyes

with MS had abnormal intensities in the AVP. The num-

bers of segments with optic chiasma and intracranial

involvement were significantly higher in NMOsd patients

compared to MS patients (see Table 3).

OCT Analysis of Retinas with NMOsd in
Remission
The cohort that underwent OCT assessment included 11

patients with NMOsd (4 with the definite form and 7

with the limited form; 22 eyes; 14 ON-unaffected eyes

and 8 ON-affected eyes) and 13 patients with MS (26

eyes; 18 ON-unaffected eyes and 8 ON-affected eyes;

Tables 4 and 5; Fig 2). In NMOsd and MS patients, the

RNFL and ganglion cell complex (GCC) were signifi-

cantly thinner in ON-affected eyes than in ON-

unaffected eyes. For the ON-affected eyes, RNFL was

significantly thinner in NMOsd patients than in MS

patients.

When damage was classified as “borderline” and

“outside normal limits” for the RNFL or GCC thick-

ness, the frequency of ON-unaffected eyes with RNFL

thinning was 21% in NMOsd patients and 39% in MS

patients, and the frequency of ON-unaffected eyes with

GCC thinning was 36% in NMOsd patients and 28%

in MS patients (see Table 4). In patients with the lim-

ited form of NMOsd with myelitis but no history of

ON, the frequency of ON-unaffected eyes with RNFL

thinning was 30%, and the frequency of ON-

unaffected eyes with GCC thinning was 40% (see Table

5). These data suggest that RNFL and GCC loss was

evident in ON-affected and ON-unaffected eyes, and

not only secondary retrograde changes after ON, but

also in vivo primary neuroaxonal pathology, regardless

of ON history, were present in retinas in NMOsd and

MS.

TABLE 4. Clinical Characteristics of OCT Assessment: OCT Analysis of the Retinas in Remission

NMOsd Patients MS Patients

Characteristic Unaffected Eyes,
14 Eyes

Affected Eyes,
8 Eyes

Unaffected Eyes,
18 Eyes

Affected Eyes,
8 Eyes

Mean RNFL thickness

Mean RNFL, lma 95.9 6 9.4 63.9 6 10.2 96.5 6 9.7 78.9 6 9.5

Within normal limits, No. (%) 11/14 (79) 0/8 (0) 11/18 (61) 1/8 (13)

Borderline, No. (%) 1/14 (7) 0/8 (0) 5/18 (28) 0/8 (0)

Outside normal limits, No. (%) 2/14 (14) 8/8 (100) 2/18 (11) 7/8 (88)

16-sector RNFL analysis

Average number of sectors with
borderline or outside normal limitsa

2.2 6 2.5 13.3 6 4.1 2.1 6 2.3 9.9 6 4.9

Mean GCC thickness

Mean GCC, lma 87.3 6 12.5 60.4 6 11.0 89.2 6 5.8 70.1 6 7.9

Within normal limits, No. (%) 9/14 (64) 0/8(0) 13/18 (72) 0/8 (0)

Borderline, No. (%) 0/14 (0) 0/8 (0) 2/18 (11) 1/8 (13)

Outside normal limits, No. (%) 5/14 (36) 8/8 (100) 3/18 (17) 7/8 (88)
aMean 6 standard deviation.
GCC 5 ganglion cell complex; MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica spectrum disorder; OCT 5 optical
coherence tomography; RNFL 5 retinal nerve fiber layer.
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FIGURE 1: Radiological profiles of optic neuritis (ON) at the time of attacks in neuromyelitis optica (NMO) spectrum disorder
(NMOsd) and multiple sclerosis (MS). Anterior visual pathways (AVP) during ON in NMOsd and MS were examined by using
axial and coronal views of enhanced T1-weighted magnetic resonance images with fat suppression. (A) They were divided into
6 segments: head, orbital, canalicular, and intracranial segments of the optic nerves, the optic chiasm, and the optic tracts.
Abnormal enhancement on fat-suppressed magnetic resonance imaging (MRI; arrows) was present in patients with NMOsd and
MS. (B) The length of abnormally enhanced lesions in the AVP in NMOsd at the time of ON attacks (n 5 28 events) was signifi-
cantly longer than in MS attacks (n 5 21 events). The pattern of abnormal enhancement in the AVP at the time of ON attacks
was generally homogeneous in most NMOsd and MS patients (A). However, the pattern of optic nerve sheath enhancement,
which is referred to as a “tram track sign” on axial views and a “doughnut sign” on coronal views, was also present in 46% of
attacks in NMOsd patients and 29% of attacks in MS patients (A). This was defined as optic perineuritis (OPN).19 The patho-
logic evidence (see Fig 4) indicated that OPN was associated with more widespread meningeal and perineural inflammation
around the optic nerves. (C, D) Three-dimensional (3D) double inversion recovery (DIR) MRI detected accumulation of archival
ON lesions in NMOsd and MS. DIR MRI simultaneously suppresses the signals from white matter and cerebrospinal fluid (CSF).
A substantial increase in cortical demyelinating lesions in patients with MS was found compared to more conventional sequen-
ces, including fluid-attenuated inversion recovery (FLAIR) imaging.49 Therefore, not only cortical demyelinating lesions but also
ON lesions, which usually contact the CSF, were detected with high sensitivity by using DIR imaging (C, arrows) compared to
FLAIR imaging in ON lesions in NMOsd and MS. The distribution of abnormal intensity on 3D-DIR images showed accumulation
of archival lesions through the disease course, based on longitudinally evaluated MRI data. A representative case is shown in
D. A 38-year-old woman experienced 3 attacks of acute ON and 6 attacks of myelitis (M) during the 12 years after disease
onset. The distribution of abnormal intensity on 3D-DIR images 12 years after disease onset ($4, red, blue, and yellow arrow-
heads) equaled the addition of each abnormally enhanced lesion in 3 attacks of ON ($1, red arrowheads, 6 years after onset;
$2, blue arrowheads, 7 years after onset; $3, yellow arrowheads, 11 years after onset; D). Gd T1WI 5 gadolinium-enhanced
T1-weighted image; Lt. 5 left eye; Rt. 5 right eye.
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characteristic features of optic perineuritis (OPN)19 were

marked in NMOsd patients (13 of 28 [46%] attacks)

compared to MS patients (6 of 21 [29%] attacks), but

the difference was not significant. Some patients with

NMOsd and MS retained abnormal enhancement with

the OPN pattern for >4 weeks.20 Five of 28 (18%)

attacks in NMOsd and 2 of 21 (10%) attacks in MS

simultaneously had bilateral optic nerve involvement.

Neuroradiological Features on 3D-DIR MRI in
NMOsd in Remission
Based on longitudinally evaluated MRI data, the distri-

bution of abnormal intensity on 3D-DIR images showed

accumulation of archival lesions throughout the disease

course (see Fig 1C, D). In remission, 3D-DIR MRI

assessments were performed in 14 patients (28 eyes) with

NMOsd and 28 patients (56 eyes) with MS. Thirteen of

28 (46%) eyes with NMOsd and 18 of 56 (32%) eyes

with MS had abnormal intensities in the AVP. The num-

bers of segments with optic chiasma and intracranial

involvement were significantly higher in NMOsd patients

compared to MS patients (see Table 3).

OCT Analysis of Retinas with NMOsd in
Remission
The cohort that underwent OCT assessment included 11

patients with NMOsd (4 with the definite form and 7

with the limited form; 22 eyes; 14 ON-unaffected eyes

and 8 ON-affected eyes) and 13 patients with MS (26

eyes; 18 ON-unaffected eyes and 8 ON-affected eyes;

Tables 4 and 5; Fig 2). In NMOsd and MS patients, the

RNFL and ganglion cell complex (GCC) were signifi-

cantly thinner in ON-affected eyes than in ON-

unaffected eyes. For the ON-affected eyes, RNFL was

significantly thinner in NMOsd patients than in MS

patients.

When damage was classified as “borderline” and

“outside normal limits” for the RNFL or GCC thick-

ness, the frequency of ON-unaffected eyes with RNFL

thinning was 21% in NMOsd patients and 39% in MS

patients, and the frequency of ON-unaffected eyes with

GCC thinning was 36% in NMOsd patients and 28%

in MS patients (see Table 4). In patients with the lim-

ited form of NMOsd with myelitis but no history of

ON, the frequency of ON-unaffected eyes with RNFL

thinning was 30%, and the frequency of ON-

unaffected eyes with GCC thinning was 40% (see Table

5). These data suggest that RNFL and GCC loss was

evident in ON-affected and ON-unaffected eyes, and

not only secondary retrograde changes after ON, but

also in vivo primary neuroaxonal pathology, regardless

of ON history, were present in retinas in NMOsd and

MS.

TABLE 4. Clinical Characteristics of OCT Assessment: OCT Analysis of the Retinas in Remission

NMOsd Patients MS Patients

Characteristic Unaffected Eyes,
14 Eyes

Affected Eyes,
8 Eyes

Unaffected Eyes,
18 Eyes

Affected Eyes,
8 Eyes

Mean RNFL thickness

Mean RNFL, lma 95.9 6 9.4 63.9 6 10.2 96.5 6 9.7 78.9 6 9.5

Within normal limits, No. (%) 11/14 (79) 0/8 (0) 11/18 (61) 1/8 (13)

Borderline, No. (%) 1/14 (7) 0/8 (0) 5/18 (28) 0/8 (0)

Outside normal limits, No. (%) 2/14 (14) 8/8 (100) 2/18 (11) 7/8 (88)

16-sector RNFL analysis

Average number of sectors with
borderline or outside normal limitsa

2.2 6 2.5 13.3 6 4.1 2.1 6 2.3 9.9 6 4.9

Mean GCC thickness

Mean GCC, lma 87.3 6 12.5 60.4 6 11.0 89.2 6 5.8 70.1 6 7.9

Within normal limits, No. (%) 9/14 (64) 0/8(0) 13/18 (72) 0/8 (0)

Borderline, No. (%) 0/14 (0) 0/8 (0) 2/18 (11) 1/8 (13)

Outside normal limits, No. (%) 5/14 (36) 8/8 (100) 3/18 (17) 7/8 (88)
aMean 6 standard deviation.
GCC 5 ganglion cell complex; MS 5 multiple sclerosis; NMOsd 5 neuromyelitis optica spectrum disorder; OCT 5 optical
coherence tomography; RNFL 5 retinal nerve fiber layer.
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Follow-up Visual Performance in NMOsd
We evaluated the follow-up visual performance from the

nadir of ON attacks in NMOsd and MS (Fig 3, Table

1). The frequency of eyes with severe visual loss, which

was defined as VA worse than 20/200 (1.0 logMAR), at

6 months after ON onset was significantly higher in eyes

with NMOsd compared with those with MS (see Table

1). Kaplan–Meier analysis of time to recovery of VA with

3 lines change from the nadir of ON attacks or to recov-

ery of VA to 20/25 (0.1 logMAR) was performed.

Patients with NMOsd developed a significantly worse

outcome regarding visual performance over time than

those with MS when we evaluated all cumulative attacks

of ON in patients with NMOsd and MS or all first

attacks of ON in each patient with NMOsd and MS

(data not shown). Mean follow-up times between the

ON onset and assessment were 11.5 months in NMOsd

patients (25 attacks) and 9.2 months in MS patients (13

attacks) or 11.5 months in NMOsd patients (25 attacks)

and 9.4 months in MS patients (14 attacks). All patients

with NMOsd and MS in the analysis were treated with

methylprednisolone pulse treatment (1g per day) for 3

days and/or high-dose oral prednisolone treatment

(1.0mg/kg per day) followed by prednisolone tapered to

maintenance level. No patients in this study were treated

with plasma exchange.

Astrocytopathy with Increased Meningeal
Inflammation in Plaques of the Optic Nerves,
Chiasm, and Tracts in NMOsd
Clinically, 85% (11 of 13) of NMOsd cases and 86% (6 of

7) of MS cases had a previous history of ON. Pathologically,

all cases in NMOsd and MS had several plaques in the AVP

(Fig 4). The pathology in the AVP in NMOsd cases was

evaluated in 22 lesion areas, 13 areas of periplaque white

matter (PPWM), 11 areas of normal-appearing white mat-

ter (NAWM), and 10 areas of Wld. Similarly, in cases with

MS, we evaluated 14 lesion areas, 11 areas of PPWM, and

11 areas of NAWM. All plaques in the optic nerves in

NMOsd cases showed hallmarks of NMO pathology,

including pattern-specific loss of AQP4 IR with thickened

hyalinized blood vessels.9,21 Moreover, thickening of the

perioptic meninges with inflammatory infiltration including

CD45RO1 T cells and Iba-11 cells was prominent in the

meninges adjacent to the plaques in NMOsd cases. The

meningeal infiltrates also extended into the pial septa and

parenchyma of the optic nerves (see Fig 4). Therefore,

lesions in the AVP in NMOsd were pathologically defined

as ON and/or OPN with meningeal inflammation, consist-

ent with radiological findings (see Fig 1A).19

Severe axonal damage with abnormal
mitochondrial dynamics and aberrant
expression of the TRPM4 cation channel in the
optic nerves, chiasm, and tracts in NMOsd
Axonal pathology was qualitatively and quantitatively

assessed with Bodian silver impregnation, and immuno-

histochemistry for phosphorylated neurofilaments (SMI-

31) and amyloid precursor protein. Axonal damage,

including axonal loss, transections, swellings, and dis-

torted axons, and axonal spheroids were evident in pla-

ques and PPWM, and had accumulated toward

the plaque center of the AVP in NMOsd and MS (Figs

5–7). The axonal damage was the most prominent in

plaques and areas of Wld in NMOsd. The density of

SMI-311 axons was significantly reduced, and the per-

centages of swollen axons and axonal spheroids were sig-

nificantly increased in plaques, PPWM, and Wld in

NMOsd, and plaques, PPWM, and NAWM in MS com-

pared to controls. Swollen axons and axonal spheroids

with no significant reduction in axonal density were also

present, even in the NAWM in NMOsd.

TABLE 5. Clinical Characteristics of OCT Assess-
ment: OCT Analysis of the Retinas in Limited Form
of NMOsd with Myelitis Patients in Remission

Characteristic Limited Form
of
NMOsd
with Myelitis
Patients,
Unaffected
Eyes, 10 Eyes

Mean RNFL thickness

Mean RNFL, lma 94.0 6 10.4

Within normal limits, No. (%) 7/10 (70)

Borderline, No. (%) 1/10 (10)

Outside normal limits, No. (%) 2/10 (20)

16-sector RNFL analysis

Average number of sectors
with borderline or outside
normal limitsa

2.5 6 2.8

Mean GCC thickness

Mean GCC, lma 87.3 6 11.2

Within normal limits, No. (%) 6/10 (60)

Borderline, No. (%) 0/10 (0)

Outside normal limits, No. (%) 4/10 (40)
aMean 6 standard deviation.
GCC 5 ganglion cell complex; NMOsd 5 neuromyelitis
optica spectrum disorder; OCT 5 optical coherence tomog-
raphy; RNFL 5 retinal nerve fiber layer.
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Mitochondrial dynamics is an important contribu-

tor to damage and loss of axons in several neurodegener-

ative disorders.22 We thus assessed the dynamics of

voltage-dependent anion channel (VDAC)/porin-labeled

mitochondria located in SMI-311 axons in NMOsd

compared to mitochondria in MS and controls (see Fig

FIGURE 2: Optical coherence tomography (OCT) analysis in patients with neuromyelitis optica (NMO) spectrum disorder
(NMOsd) and multiple sclerosis (MS). (A, B) The data shown are representative of optic neuritis (ON)-affected eyes with retinal
nerve fiber layer (RNFL) thinning (A) and ON-unaffected eyes with RNFL thinning (B) in NMOsd and MS patients. In the 16-
sector RNFL analysis, sectors with a classification of “within normal limits” (ie, sectors for which the probability of no damage
� 5%) are indicated in green, sectors with a “borderline” classification (probability < 5 but � 1%) are indicated in yellow, and
sectors with a classification of “outside normal limits” (probability < 1%) are indicated in red. The 16-sector RNFL analysis (A)
revealed that sectors with a classification of “outside normal limits” (red) and “borderline” (yellow) were present in the ON-
affected eyes of NMOsd and MS patients. (C–E) The average thicknesses of the RNFL (C) and ganglion cell complex (GCC; E)
were significantly decreased in the ON-affected eyes compared with the ON-unaffected eyes in patients with NMOsd and MS.
The 16-sector RNFL analysis (D) revealed the average number of normal sectors with significantly decreased thickness in the
ON-affected eyes compared with the ON-unaffected eyes in patients with NMOsd and MS. For the ON-affected eyes, RNFL
was significantly thinner in NMOsd patients than in MS patients (C). Intriguingly, the 16-sector RNFL analysis (B) revealed that
sectors with a classification of “outside normal limits” (red) and “borderline” (yellow) were present in the ON-unaffected eyes
of NMOsd and MS patients. When damage was classified as “borderline” and “outside normal limits” for RNFL or GCC thick-
ness, the frequency of ON-unaffected eyes with RNFL thinning was 21% in the NMOsd patients and 39% in the MS patients
(see Table 4). The frequency of ON-unaffected eyes with GCC thinning was 36% in the NMOsd patients and 28% in the MS
patients (see Table 4). These data suggest that RNFL and GCC loss is present and is independent of ON in NMOsd and MS.
The peripapillary RNFL results were obtained based on Fourier/spectrum domain OCT using an RTVue-100 instrument in
patients with NMOsd and MS. GCC scanning using the OCT system encompasses the following 3 layers in the retina: (1) the
RNFL, which is composed of ganglion cell axons; (2) the ganglion cell layer, which is composed of ganglion cell bodies; and (3)
the inner plexiform layer, which is composed of interlaced dendrites of ganglion cells and axons of bipolar cells with dendrites
of amacrine cells (see Fig 8F). *p < 0.05, ***p < 0.001. IN 5 inferonasal; IT 5 inferotemporal; Lt 5 left eye; NL 5 nasal lower;
NU 5 nasal upper; Rt 5 right eye; SN 5 superonasal; ST 5 superotemporal; TL 5 temporal lower; TU 5 temporal upper.
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Follow-up Visual Performance in NMOsd
We evaluated the follow-up visual performance from the

nadir of ON attacks in NMOsd and MS (Fig 3, Table

1). The frequency of eyes with severe visual loss, which

was defined as VA worse than 20/200 (1.0 logMAR), at

6 months after ON onset was significantly higher in eyes

with NMOsd compared with those with MS (see Table

1). Kaplan–Meier analysis of time to recovery of VA with

3 lines change from the nadir of ON attacks or to recov-

ery of VA to 20/25 (0.1 logMAR) was performed.

Patients with NMOsd developed a significantly worse

outcome regarding visual performance over time than

those with MS when we evaluated all cumulative attacks

of ON in patients with NMOsd and MS or all first

attacks of ON in each patient with NMOsd and MS

(data not shown). Mean follow-up times between the

ON onset and assessment were 11.5 months in NMOsd

patients (25 attacks) and 9.2 months in MS patients (13

attacks) or 11.5 months in NMOsd patients (25 attacks)

and 9.4 months in MS patients (14 attacks). All patients

with NMOsd and MS in the analysis were treated with

methylprednisolone pulse treatment (1g per day) for 3

days and/or high-dose oral prednisolone treatment

(1.0mg/kg per day) followed by prednisolone tapered to

maintenance level. No patients in this study were treated

with plasma exchange.

Astrocytopathy with Increased Meningeal
Inflammation in Plaques of the Optic Nerves,
Chiasm, and Tracts in NMOsd
Clinically, 85% (11 of 13) of NMOsd cases and 86% (6 of

7) of MS cases had a previous history of ON. Pathologically,

all cases in NMOsd and MS had several plaques in the AVP

(Fig 4). The pathology in the AVP in NMOsd cases was

evaluated in 22 lesion areas, 13 areas of periplaque white

matter (PPWM), 11 areas of normal-appearing white mat-

ter (NAWM), and 10 areas of Wld. Similarly, in cases with

MS, we evaluated 14 lesion areas, 11 areas of PPWM, and

11 areas of NAWM. All plaques in the optic nerves in

NMOsd cases showed hallmarks of NMO pathology,

including pattern-specific loss of AQP4 IR with thickened

hyalinized blood vessels.9,21 Moreover, thickening of the

perioptic meninges with inflammatory infiltration including

CD45RO1 T cells and Iba-11 cells was prominent in the

meninges adjacent to the plaques in NMOsd cases. The

meningeal infiltrates also extended into the pial septa and

parenchyma of the optic nerves (see Fig 4). Therefore,

lesions in the AVP in NMOsd were pathologically defined

as ON and/or OPN with meningeal inflammation, consist-

ent with radiological findings (see Fig 1A).19

Severe axonal damage with abnormal
mitochondrial dynamics and aberrant
expression of the TRPM4 cation channel in the
optic nerves, chiasm, and tracts in NMOsd
Axonal pathology was qualitatively and quantitatively

assessed with Bodian silver impregnation, and immuno-

histochemistry for phosphorylated neurofilaments (SMI-

31) and amyloid precursor protein. Axonal damage,

including axonal loss, transections, swellings, and dis-

torted axons, and axonal spheroids were evident in pla-

ques and PPWM, and had accumulated toward

the plaque center of the AVP in NMOsd and MS (Figs

5–7). The axonal damage was the most prominent in

plaques and areas of Wld in NMOsd. The density of

SMI-311 axons was significantly reduced, and the per-

centages of swollen axons and axonal spheroids were sig-

nificantly increased in plaques, PPWM, and Wld in

NMOsd, and plaques, PPWM, and NAWM in MS com-

pared to controls. Swollen axons and axonal spheroids

with no significant reduction in axonal density were also

present, even in the NAWM in NMOsd.

TABLE 5. Clinical Characteristics of OCT Assess-
ment: OCT Analysis of the Retinas in Limited Form
of NMOsd with Myelitis Patients in Remission

Characteristic Limited Form
of
NMOsd
with Myelitis
Patients,
Unaffected
Eyes, 10 Eyes

Mean RNFL thickness

Mean RNFL, lma 94.0 6 10.4

Within normal limits, No. (%) 7/10 (70)

Borderline, No. (%) 1/10 (10)

Outside normal limits, No. (%) 2/10 (20)

16-sector RNFL analysis

Average number of sectors
with borderline or outside
normal limitsa

2.5 6 2.8

Mean GCC thickness

Mean GCC, lma 87.3 6 11.2

Within normal limits, No. (%) 6/10 (60)

Borderline, No. (%) 0/10 (0)

Outside normal limits, No. (%) 4/10 (40)
aMean 6 standard deviation.
GCC 5 ganglion cell complex; NMOsd 5 neuromyelitis
optica spectrum disorder; OCT 5 optical coherence tomog-
raphy; RNFL 5 retinal nerve fiber layer.
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Mitochondrial dynamics is an important contribu-

tor to damage and loss of axons in several neurodegener-

ative disorders.22 We thus assessed the dynamics of

voltage-dependent anion channel (VDAC)/porin-labeled

mitochondria located in SMI-311 axons in NMOsd

compared to mitochondria in MS and controls (see Fig

FIGURE 2: Optical coherence tomography (OCT) analysis in patients with neuromyelitis optica (NMO) spectrum disorder
(NMOsd) and multiple sclerosis (MS). (A, B) The data shown are representative of optic neuritis (ON)-affected eyes with retinal
nerve fiber layer (RNFL) thinning (A) and ON-unaffected eyes with RNFL thinning (B) in NMOsd and MS patients. In the 16-
sector RNFL analysis, sectors with a classification of “within normal limits” (ie, sectors for which the probability of no damage
� 5%) are indicated in green, sectors with a “borderline” classification (probability < 5 but � 1%) are indicated in yellow, and
sectors with a classification of “outside normal limits” (probability < 1%) are indicated in red. The 16-sector RNFL analysis (A)
revealed that sectors with a classification of “outside normal limits” (red) and “borderline” (yellow) were present in the ON-
affected eyes of NMOsd and MS patients. (C–E) The average thicknesses of the RNFL (C) and ganglion cell complex (GCC; E)
were significantly decreased in the ON-affected eyes compared with the ON-unaffected eyes in patients with NMOsd and MS.
The 16-sector RNFL analysis (D) revealed the average number of normal sectors with significantly decreased thickness in the
ON-affected eyes compared with the ON-unaffected eyes in patients with NMOsd and MS. For the ON-affected eyes, RNFL
was significantly thinner in NMOsd patients than in MS patients (C). Intriguingly, the 16-sector RNFL analysis (B) revealed that
sectors with a classification of “outside normal limits” (red) and “borderline” (yellow) were present in the ON-unaffected eyes
of NMOsd and MS patients. When damage was classified as “borderline” and “outside normal limits” for RNFL or GCC thick-
ness, the frequency of ON-unaffected eyes with RNFL thinning was 21% in the NMOsd patients and 39% in the MS patients
(see Table 4). The frequency of ON-unaffected eyes with GCC thinning was 36% in the NMOsd patients and 28% in the MS
patients (see Table 4). These data suggest that RNFL and GCC loss is present and is independent of ON in NMOsd and MS.
The peripapillary RNFL results were obtained based on Fourier/spectrum domain OCT using an RTVue-100 instrument in
patients with NMOsd and MS. GCC scanning using the OCT system encompasses the following 3 layers in the retina: (1) the
RNFL, which is composed of ganglion cell axons; (2) the ganglion cell layer, which is composed of ganglion cell bodies; and (3)
the inner plexiform layer, which is composed of interlaced dendrites of ganglion cells and axons of bipolar cells with dendrites
of amacrine cells (see Fig 8F). *p < 0.05, ***p < 0.001. IN 5 inferonasal; IT 5 inferotemporal; Lt 5 left eye; NL 5 nasal lower;
NU 5 nasal upper; Rt 5 right eye; SN 5 superonasal; ST 5 superotemporal; TL 5 temporal lower; TU 5 temporal upper.
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6). First, morphological analysis of VDAC-11 mitochon-

dria showed that shortened, fragmented, or swollen mito-

chondria, indicating extensive fission of mitochondria

and mitochondrial degeneration, accumulated within

axons in all areas including plaques, PPWM, NAWM,

and Wld in NMOsd and MS compared to controls.

Abnormal morphological changes were more evident in

axons in NMOsd compared to those in MS, and were

more prominent in swollen axons compared to nonswol-

len axons in NMOsd and MS. Second, compared to

controls, quantitative analysis of the mitochondrial vol-

ume in axons demonstrated that the VDAC-11 mito-

chondrial content in SMI-311 axons was significantly

increased in swollen axons of PPWM and NAWM and

in areas of Wld in NMOsd, but not in these areas in

MS. The VDAC-11 mitochondrial content in the axons

of active plaques (17.1%, 6.6; mean, SD) was increased

compared to inactive plaques (6.1%, 3.4) in NMOsd.

These qualitative and quantitative data suggest that the

accumulation of mitochondria with abnormal morphol-

ogy in axons was more extensive in NMOsd compared

to MS and controls and was dependent on morphologi-

cal changes in axons (swollen axons) and on the disease

stage (active stage) from the lesion center to even

NAWM in NMOsd (see Figs 5–7).

Consistent with the dynamics of degenerative mito-

chondria in axons, the axon-specific mitochondria dock-

ing protein, syntaphilin,23 was also significantly increased

in axons in plaques, PPWM, NAWM, and Wld in

NMOsd and MS, suggesting immobile mitochondria

or decreased mitochondrial movement within axons (see

Fig 6C).

Next, to investigate the pathophysiological mecha-

nisms of axonal damage in NMOsd, we assessed the

transient receptor potential melastatin 4 (TRPM4). This

protein crucially contributes to axonal damage, and phar-

macological inhibition of TRPM4 using the antidiabetic

drug glibenclamide reduces axonal degeneration in an

animal model of MS, experimental autoimmune enceph-

alomyelitis (EAE).24 Quantification of axonal TRPM4

expression revealed significantly more TRPM4 IR in

areas of plaques and Wld and in the swollen axons of

PPWM and NAWM in NMOsd and MS compared to

controls, in which we detected only a few TRPM41

axons (see Figs 6B and 7D, E). TRPM41 axons were

more evident in swollen axons than in nonswollen axons

in NMOsd and MS. Therefore, aberrant axonal accumu-

lation of mitochondria with abnormal morphology and

decreased movement, and abnormal axonal expression of

TRPM4 extended over wider areas in NMOsd compared

to MS.

Neuroaxonal Damage with M€uller Cell
Pathology in the Retina in NMOsd
The retina is anatomically isolated and represents a

unique unmyelinated model in which to study neurode-

generation and inflammation, as well as the distal effects

of demyelination of optic nerves in inflammatory and

demyelinating syndromes of the CNS. All retina samples

from NMOsd autopsy cases showed severe RNFL thin-

ning with an abundance of GFAP1 and AQP41 astro-

cytes and neuronal loss of ganglion cells in the retina,

suggesting the presence of secondary retinal retrograde

degeneration after ON (Fig 8). The calcium-binding

FIGURE 3: Follow-up visual performance in neuromyelitis optica (NMO) spectrum disorder (NMOsd) and multiple sclerosis (MS).
We performed Kaplan–Meier analysis of time to (A) recovery of visual acuity (VA) with 3 lines change and (B) recovery of VA to
20/25 (0.1 logMAR) from the nadir of optic neuritis (ON) attacks in NMOsd and MS patients. Eyes were excluded if deteriora-
tion of VA with <3 lines change was present at presentation (A) or VA was >20/25 (<0.1 logMAR) at presentation (B). Patients
with NMOsd developed significantly worse visual performance outcomes over time than those with MS, when we evaluated
not only all accumulative attacks of ON in patients with NMOsd and MS, but also all first attacks of ON in each patient with
NMOsd and MS (data not shown).
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FIGURE 4: Characterization of typical pathological findings of neuromyelitis optica (NMO) spectrum disorder (NMOsd) in optic
nerves including pattern-specific loss of aquaporin-4 (AQP4) immunoreactivity (IR) in inflammatory lesions. (A, B) All patients
with NMOsd in this study had typical pathological findings of NMOsd in optic nerves (arrowheads), including pattern-specific
loss of AQP4 and glial fibrillary acidic protein (GFAP) IR and immunoglobulin deposits colocalizing with a product of comple-
ment activation, C9neo, in a vasculocentric pattern around thickened hyalinized vessels in inflammatory demyelinating lesions.
Moreover, Iba-11 microglia, CD45RO1 T cells, and CD201 B cells were abundant in inflammatory demyelinating lesions. In par-
ticular, thickening of the perioptic meninges with inflammatory infiltration including CD45RO1 T cells and Iba-11 cells was
prominent in the meninges adjacent to the plaques in NMOsd patients. (C) The meningeal infiltrates also extended into the
pial septa and parenchyma of the optic nerves. HE 5 hematoxylin and eosin; KB 5 Kl€uver–Barrera; MBP 5 myelin basic
protein.
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6). First, morphological analysis of VDAC-11 mitochon-

dria showed that shortened, fragmented, or swollen mito-

chondria, indicating extensive fission of mitochondria

and mitochondrial degeneration, accumulated within

axons in all areas including plaques, PPWM, NAWM,

and Wld in NMOsd and MS compared to controls.

Abnormal morphological changes were more evident in

axons in NMOsd compared to those in MS, and were

more prominent in swollen axons compared to nonswol-

len axons in NMOsd and MS. Second, compared to

controls, quantitative analysis of the mitochondrial vol-

ume in axons demonstrated that the VDAC-11 mito-

chondrial content in SMI-311 axons was significantly

increased in swollen axons of PPWM and NAWM and

in areas of Wld in NMOsd, but not in these areas in

MS. The VDAC-11 mitochondrial content in the axons

of active plaques (17.1%, 6.6; mean, SD) was increased

compared to inactive plaques (6.1%, 3.4) in NMOsd.

These qualitative and quantitative data suggest that the

accumulation of mitochondria with abnormal morphol-

ogy in axons was more extensive in NMOsd compared

to MS and controls and was dependent on morphologi-

cal changes in axons (swollen axons) and on the disease

stage (active stage) from the lesion center to even

NAWM in NMOsd (see Figs 5–7).

Consistent with the dynamics of degenerative mito-

chondria in axons, the axon-specific mitochondria dock-

ing protein, syntaphilin,23 was also significantly increased

in axons in plaques, PPWM, NAWM, and Wld in

NMOsd and MS, suggesting immobile mitochondria

or decreased mitochondrial movement within axons (see

Fig 6C).

Next, to investigate the pathophysiological mecha-

nisms of axonal damage in NMOsd, we assessed the

transient receptor potential melastatin 4 (TRPM4). This

protein crucially contributes to axonal damage, and phar-

macological inhibition of TRPM4 using the antidiabetic

drug glibenclamide reduces axonal degeneration in an

animal model of MS, experimental autoimmune enceph-

alomyelitis (EAE).24 Quantification of axonal TRPM4

expression revealed significantly more TRPM4 IR in

areas of plaques and Wld and in the swollen axons of

PPWM and NAWM in NMOsd and MS compared to

controls, in which we detected only a few TRPM41

axons (see Figs 6B and 7D, E). TRPM41 axons were

more evident in swollen axons than in nonswollen axons

in NMOsd and MS. Therefore, aberrant axonal accumu-

lation of mitochondria with abnormal morphology and

decreased movement, and abnormal axonal expression of

TRPM4 extended over wider areas in NMOsd compared

to MS.

Neuroaxonal Damage with M€uller Cell
Pathology in the Retina in NMOsd
The retina is anatomically isolated and represents a

unique unmyelinated model in which to study neurode-

generation and inflammation, as well as the distal effects

of demyelination of optic nerves in inflammatory and

demyelinating syndromes of the CNS. All retina samples

from NMOsd autopsy cases showed severe RNFL thin-

ning with an abundance of GFAP1 and AQP41 astro-

cytes and neuronal loss of ganglion cells in the retina,

suggesting the presence of secondary retinal retrograde

degeneration after ON (Fig 8). The calcium-binding

FIGURE 3: Follow-up visual performance in neuromyelitis optica (NMO) spectrum disorder (NMOsd) and multiple sclerosis (MS).
We performed Kaplan–Meier analysis of time to (A) recovery of visual acuity (VA) with 3 lines change and (B) recovery of VA to
20/25 (0.1 logMAR) from the nadir of optic neuritis (ON) attacks in NMOsd and MS patients. Eyes were excluded if deteriora-
tion of VA with <3 lines change was present at presentation (A) or VA was >20/25 (<0.1 logMAR) at presentation (B). Patients
with NMOsd developed significantly worse visual performance outcomes over time than those with MS, when we evaluated
not only all accumulative attacks of ON in patients with NMOsd and MS, but also all first attacks of ON in each patient with
NMOsd and MS (data not shown).
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FIGURE 4: Characterization of typical pathological findings of neuromyelitis optica (NMO) spectrum disorder (NMOsd) in optic
nerves including pattern-specific loss of aquaporin-4 (AQP4) immunoreactivity (IR) in inflammatory lesions. (A, B) All patients
with NMOsd in this study had typical pathological findings of NMOsd in optic nerves (arrowheads), including pattern-specific
loss of AQP4 and glial fibrillary acidic protein (GFAP) IR and immunoglobulin deposits colocalizing with a product of comple-
ment activation, C9neo, in a vasculocentric pattern around thickened hyalinized vessels in inflammatory demyelinating lesions.
Moreover, Iba-11 microglia, CD45RO1 T cells, and CD201 B cells were abundant in inflammatory demyelinating lesions. In par-
ticular, thickening of the perioptic meninges with inflammatory infiltration including CD45RO1 T cells and Iba-11 cells was
prominent in the meninges adjacent to the plaques in NMOsd patients. (C) The meningeal infiltrates also extended into the
pial septa and parenchyma of the optic nerves. HE 5 hematoxylin and eosin; KB 5 Kl€uver–Barrera; MBP 5 myelin basic
protein.

Hokari et al: Lesions in NMO

April 2016 615



－  244  －

protein calbindin is a known marker of cone photorecep-

tors, horizontal cells, and subpopulations of bipolar cells

and amacrine cells in the human retina. In the retina in

NMOsd cases, we observed mild loss of calbindin1 hori-

zontal cells in the INL and unique dynamics of M€uller

cells including scattered loss of AQP4 IR in M€uller cells

FIGURE 5: Severe axonal damage in the optic nerves in neuromyelitis optica (NMO) spectrum disorder (NMOsd). Axonal
pathology of the optic nerves in NMOsd and multiple sclerosis (MS) was qualitatively assessed with Bodian silver impregnation,
and immunohistochemistry for phosphorylated neurofilaments (SMI-31) and amyloid precursor protein (APP). Axonal damage,
including axonal loss, transections, swellings, and distorted axons, and axonal spheroids were evident in plaques and peripla-
que white matter (PPWM) and had accumulated toward each plaque center in the optic nerves in NMOsd and MS compared to
control. Areas of Wallerian degeneration (Wld), which were defined by an extensive loss of myelin and axons, and profound
gliosis with densely packed glial fibrillary acidic protein (GFAP) and aquaporin-4 (AQP4) immunoreactivity (IR), were present in
NMOsd. Axonal damage, including axonal loss, transections, swellings, and distorted axons, and axonal spheroids were most
prominent in plaques and areas of Wld in NMOsd and MS. All NMO and MS lesions were classified according to lesion activity,
as previously described.14 In brief, active plaques were characterized by macrophages with minor myelin products (cyclic nucle-
otide phosphodiesterase) or myelin basic protein (MBP) and profound inflammation, and inactive plaques were characterized
by macrophages without minor or major myelin products within their cytoplasm. PPWM was defined as normal myelin, micro-
glial activation, and few inflammatory infiltrates adjacent to the plaque. Additionally, PPWM in NMOsd included loss of AQP4
IR adjacent to the plaque.14 Normal-appearing white matter (NAWM) was defined as myelin integrity and at least 1cm away
from a plaque’s edge.50 Additionally, NAWM in NMOsd included preservation of AQP4 IR. *Plaque. KB 5 Kl€uver–Barrera; neg
5 negative.
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and mild to moderate loss of glutamine synthetase

(GS)1 M€uller cell soma in the INL. Iba-11 microglia

were present in the inner retina in NMOsd cases; how-

ever, CD45RO1 T cells, CD201 B cells, and perivascu-

lar deposition of complement, C9neo, were not observed

in all retina samples from NMOsd cases (data not

FIGURE 6: Abnormal axonal mitochondrial dynamics and aberrant axonal expression of transient receptor potential melastatin
4 (TRPM4) cation channel in the optic nerves in neuromyelitis optica (NMO) spectrum disorder (NMOsd). (A) We assessed the
dynamics of mitochondria labeled with voltage-dependent anion channel (VDAC)/porin (green) located in SMI-31 (blue)1 axons
in NMOsd compared to controls. Myelin basic protein (MBP; red)1 myelinated and MBP2 demyelinated axons were identified
based on the lesion classification. Morphological analysis of VDAC-11 mitochondria showed shortened, fragmented, or swollen
mitochondria, indicating extensive fission of mitochondria and mitochondrial degeneration. These mitochondria accumulated
within axons in all areas including plaques, periplaque white matter (PPWM), normal-appearing white matter (NAWM), and
Wallerian degeneration (Wld) in NMOsd and multiple sclerosis (MS) compared to controls (arrowheads in A). (B) We then
assessed the dynamics of the TRPM4 cation channel (green) in SMI-31 (red)1 axons in NMOsd and MS compared to controls.
TRPM41 axons were more evident in areas of plaques and Wld and in the swollen axons of PPWM and NAWM in NMOsd and
MS compared to controls, in which we detected only a few TRPM41 axons. (C) Consistent with the dynamics of degenerative
mitochondria in axons (A), the axon-specific mitochondrial docking protein, syntaphilin (red), was also increased within SMI-311

axons (blue) in plaques, PPWM, NAWM, and Wld in NMOsd and MS, suggesting immobile mitochondria or decreased mito-
chondrial movement within axons. Therefore, aberrant accumulation of mitochondria with abnormal morphology and with
decreased movement in axons was evident in the optic nerves in NMOsd and MS. Scale bars 5 50lm.
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prominent in plaques and areas of Wld in NMOsd and MS. All NMO and MS lesions were classified according to lesion activity,
as previously described.14 In brief, active plaques were characterized by macrophages with minor myelin products (cyclic nucle-
otide phosphodiesterase) or myelin basic protein (MBP) and profound inflammation, and inactive plaques were characterized
by macrophages without minor or major myelin products within their cytoplasm. PPWM was defined as normal myelin, micro-
glial activation, and few inflammatory infiltrates adjacent to the plaque. Additionally, PPWM in NMOsd included loss of AQP4
IR adjacent to the plaque.14 Normal-appearing white matter (NAWM) was defined as myelin integrity and at least 1cm away
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and mild to moderate loss of glutamine synthetase

(GS)1 M€uller cell soma in the INL. Iba-11 microglia

were present in the inner retina in NMOsd cases; how-

ever, CD45RO1 T cells, CD201 B cells, and perivascu-

lar deposition of complement, C9neo, were not observed

in all retina samples from NMOsd cases (data not

FIGURE 6: Abnormal axonal mitochondrial dynamics and aberrant axonal expression of transient receptor potential melastatin
4 (TRPM4) cation channel in the optic nerves in neuromyelitis optica (NMO) spectrum disorder (NMOsd). (A) We assessed the
dynamics of mitochondria labeled with voltage-dependent anion channel (VDAC)/porin (green) located in SMI-31 (blue)1 axons
in NMOsd compared to controls. Myelin basic protein (MBP; red)1 myelinated and MBP2 demyelinated axons were identified
based on the lesion classification. Morphological analysis of VDAC-11 mitochondria showed shortened, fragmented, or swollen
mitochondria, indicating extensive fission of mitochondria and mitochondrial degeneration. These mitochondria accumulated
within axons in all areas including plaques, periplaque white matter (PPWM), normal-appearing white matter (NAWM), and
Wallerian degeneration (Wld) in NMOsd and multiple sclerosis (MS) compared to controls (arrowheads in A). (B) We then
assessed the dynamics of the TRPM4 cation channel (green) in SMI-31 (red)1 axons in NMOsd and MS compared to controls.
TRPM41 axons were more evident in areas of plaques and Wld and in the swollen axons of PPWM and NAWM in NMOsd and
MS compared to controls, in which we detected only a few TRPM41 axons. (C) Consistent with the dynamics of degenerative
mitochondria in axons (A), the axon-specific mitochondrial docking protein, syntaphilin (red), was also increased within SMI-311

axons (blue) in plaques, PPWM, NAWM, and Wld in NMOsd and MS, suggesting immobile mitochondria or decreased mito-
chondrial movement within axons. Therefore, aberrant accumulation of mitochondria with abnormal morphology and with
decreased movement in axons was evident in the optic nerves in NMOsd and MS. Scale bars 5 50lm.
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shown). The retinas of MS cases showed severe RNFL

thinning with an abundance of GFAP1 and AQP41

astrocytes and neuronal loss of ganglion cells in the gan-

glion cell layer and calbindin1 horizontal cells in the

INL. However, retinas from MS cases showed no changes

in AQP4 or GS IR in M€uller cells. Reported evidence

supports the involvement of AQP4 in retinal inflamma-

tory responses,25 retinal swelling,25 and light-induced ret-

inal neurodegeneration.26 Moreover, optic nerve

transection in animal models results in RNFL thinning

and ganglion cell loss but not in atrophy or degeneration

of deep retinal layers including the INL.27 If this is the

case in the eyes of NMO patients, the M€uller cells with

unique dynamics observed in NMO patients may be

related to primary retinal degeneration. These data sug-

gest that the characteristics of the retinal pathology

observed in NMOsd were strikingly distinct not only

from the characteristics of the retinas in MS but also

FIGURE 7.
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from myelitis or ON in NMOsd (see Fig 4), and the ret-

ina of NMOsd cases was characterized by primary as

well as secondary neuronal and axonal loss with unique

dynamics of M€uller cells.

Discussion

The optic nerves are the major site of involvement in

NMOsd and have several distinguishing structures. First,

the long, thin cylindrical dimension of the optic nerves

with the cul-de-sac anatomy of the subarachnoid space

may cause unique cerebrospinal fluid (CSF) dynamics,

including restricted diffusion of proinflammatory ele-

ments (eg, AQP4 antibodies), retained inflammation,

and limited clearance of myelin and axonal debris, fol-

lowed by enhanced NMOsd lesion formation.28,29 We

revealed prominent pathological meningeal thickening

with inflammation (see Fig 4) and radiologically abnor-

mal enhancement of the OPN pattern in NMOsd (see

Fig 1). Inflammatory processes may contribute to the

closing of the arachnoid apertures that drain CSF into

the meningeal lymphatics, thus adding to CSF compart-

mentalization.29 Second, the absence of classical blood–

brain barrier (BBB) properties with nonspecific perme-

ability of microvessels in the prelaminar region in the

optic nerve head30 may cause transmigration of AQP4

antibodies. Third, the unique structure of pial septa that

partition each optic nerve fiber bundle from the adjoin-

ing glial limitans (a network of AQP41 astrocytic foot

processes) may form an immunological barrier that pre-

vents immune cells from entering the CNS parenchyma.

Penetration of this barrier by encephalitogenic T lympho-

cyte requires the activity of matrix metalloproteinases,

which are produced by myeloid cells in an EAE model.31

Thus, the presence of CD45RO1 T cells and Iba-11

macrophages in the pial septa in NMOsd (see Fig 4)

may increase the chance of breaking the barrier and pro-

mote effector responses for AQP4 on astrocytes. Finally,

abundant large orthogonal arrays of particles (OAPs) in

astrocytic endfeet of the optic nerves enhance binding of

AQP4 antibodies and complement-dependent astrocyte

damage.28 These unique structures of the optic nerves

may promote typical NMOsd lesions that show a

pattern-specific loss of AQP4 with complement

activation.

Importantly, we demonstrated that severe and wide-

spread neurodegeneration with aberrant accumulation of

degenerative mitochondria and TRPM4 channels was

evident in the optic nerves in NMOsd. In the pathogene-

sis of MS, key elements that drive neurodegeneration

and that can result in permanent clinical deficits32

include accumulation of axonal mitochondrial damage,

ion channel dysfunction including TRPM4, and involve-

ment of Wld in axons of the CNS as follows.24,33,34

First, axons are extremely susceptible to mitochondrial

dysfunction, because the geometry of the neuron–axon

unit presents a substantial challenge for efficient distribu-

tion of mitochondria and adenosine triphosphate (ATP)

production within axons, which can reach 1m or more

in length in humans.33 “Fusion and fission” and an

“increased number” of mitochondria play critical roles in

maintaining functional mitochondria in the presence of

environmental stress.22 These dynamics of mitochondria

fine-tune fundamental cellular processes such as calcium

homeostasis and the generation of ATP and reactive

FIGURE 7: Quantitative analysis of axonal damage in the optic nerves in neuromyelitis optica (NMO) spectrum disorder
(NMOsd). (A–D) Axonal pathology in the optic nerves in NMOsd was quantitatively assessed by immunohistochemistry for SMI-
31 (A, B), voltage-dependent anion channel -1 (VDAC-1; C), and transient receptor potential melastatin 4 (TRPM4; D). Axonal
damage was classified as normal axons (score 0; green), swollen axons with or without spheroids (score 1; yellow), and frag-
mented axons (score 2; red), as modified from a previous report35 (B). The density of SMI-311 axons was significantly reduced
(A), and percentages of swollen axons (score 1; yellow) and fragmented axons (score 2; red; B) were significantly increased in
plaques and periplaque white matter (PPWM) in NMOsd and multiple sclerosis (MS) compared to controls. Swollen or frag-
mented axons with no significant reduction in axonal density were present in normal-appearing white matter (NAWM) in
NMOsd, whereas both types of morphological changes and reduced axonal density were evident in NAWM in MS (A, B). Quan-
titative analysis of the mitochondrial volume in axons demonstrated that the VDAC-11 mitochondrial content in SMI-311 axons
was significantly increased in swollen axons of PPWM and NAWM, and in areas of Wallerian degeneration (Wld) in NMOsd
compared to controls (C). In contrast, quantitative analysis of the mitochondrial volume in axons demonstrated that the VDAC-
11 mitochondrial content in SMI-311 axons was not increased in plaques, PPWM, or NAWM in MS (C). Quantification of axonal
TRPM4 expression revealed significantly more TRPM4 immunoreactivity in areas of plaques and in swollen axons of PPWM and
NAWM in NMOsd and MS compared to controls, in which we detected only a small proportion of TRPM41 axons (D). TRPM41

axons were more evident in swollen axons than in nonswollen axons in NMOsd and MS (D). (E) When the severity of axonal
damage was compared between NMOsd and MS, more severe axonal damage, including swollen axons, increased axonal mito-
chondrial content, and aberrant TRPM4 cation channel expression, was prominent in plaques, PPWM, and NAWM in NMOsd
compared to MS, except that reduced axonal density and swollen axons were more evident in NAWM in MS compared to
NMOsd. These qualitative (see Figs 5 and 6) and quantitative (current figure) data suggest that the accumulation of mitochon-
dria with abnormal morphology in the axons was more extensive in NMOsd compared to controls and depended on morpho-
logical changes in axons (swollen axons) and the disease stage (active stage) from the lesion center to NAWM in NMOsd. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; vs control in A–D, MS vs NMO in E.
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shown). The retinas of MS cases showed severe RNFL

thinning with an abundance of GFAP1 and AQP41

astrocytes and neuronal loss of ganglion cells in the gan-

glion cell layer and calbindin1 horizontal cells in the

INL. However, retinas from MS cases showed no changes

in AQP4 or GS IR in M€uller cells. Reported evidence

supports the involvement of AQP4 in retinal inflamma-

tory responses,25 retinal swelling,25 and light-induced ret-

inal neurodegeneration.26 Moreover, optic nerve

transection in animal models results in RNFL thinning

and ganglion cell loss but not in atrophy or degeneration

of deep retinal layers including the INL.27 If this is the

case in the eyes of NMO patients, the M€uller cells with

unique dynamics observed in NMO patients may be

related to primary retinal degeneration. These data sug-

gest that the characteristics of the retinal pathology

observed in NMOsd were strikingly distinct not only

from the characteristics of the retinas in MS but also

FIGURE 7.
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from myelitis or ON in NMOsd (see Fig 4), and the ret-

ina of NMOsd cases was characterized by primary as

well as secondary neuronal and axonal loss with unique

dynamics of M€uller cells.

Discussion

The optic nerves are the major site of involvement in

NMOsd and have several distinguishing structures. First,

the long, thin cylindrical dimension of the optic nerves

with the cul-de-sac anatomy of the subarachnoid space

may cause unique cerebrospinal fluid (CSF) dynamics,

including restricted diffusion of proinflammatory ele-

ments (eg, AQP4 antibodies), retained inflammation,

and limited clearance of myelin and axonal debris, fol-

lowed by enhanced NMOsd lesion formation.28,29 We

revealed prominent pathological meningeal thickening

with inflammation (see Fig 4) and radiologically abnor-

mal enhancement of the OPN pattern in NMOsd (see

Fig 1). Inflammatory processes may contribute to the

closing of the arachnoid apertures that drain CSF into

the meningeal lymphatics, thus adding to CSF compart-

mentalization.29 Second, the absence of classical blood–

brain barrier (BBB) properties with nonspecific perme-

ability of microvessels in the prelaminar region in the

optic nerve head30 may cause transmigration of AQP4

antibodies. Third, the unique structure of pial septa that

partition each optic nerve fiber bundle from the adjoin-

ing glial limitans (a network of AQP41 astrocytic foot

processes) may form an immunological barrier that pre-

vents immune cells from entering the CNS parenchyma.

Penetration of this barrier by encephalitogenic T lympho-

cyte requires the activity of matrix metalloproteinases,

which are produced by myeloid cells in an EAE model.31

Thus, the presence of CD45RO1 T cells and Iba-11

macrophages in the pial septa in NMOsd (see Fig 4)

may increase the chance of breaking the barrier and pro-

mote effector responses for AQP4 on astrocytes. Finally,

abundant large orthogonal arrays of particles (OAPs) in

astrocytic endfeet of the optic nerves enhance binding of

AQP4 antibodies and complement-dependent astrocyte

damage.28 These unique structures of the optic nerves

may promote typical NMOsd lesions that show a

pattern-specific loss of AQP4 with complement

activation.

Importantly, we demonstrated that severe and wide-

spread neurodegeneration with aberrant accumulation of

degenerative mitochondria and TRPM4 channels was

evident in the optic nerves in NMOsd. In the pathogene-

sis of MS, key elements that drive neurodegeneration

and that can result in permanent clinical deficits32

include accumulation of axonal mitochondrial damage,

ion channel dysfunction including TRPM4, and involve-

ment of Wld in axons of the CNS as follows.24,33,34

First, axons are extremely susceptible to mitochondrial

dysfunction, because the geometry of the neuron–axon

unit presents a substantial challenge for efficient distribu-

tion of mitochondria and adenosine triphosphate (ATP)

production within axons, which can reach 1m or more

in length in humans.33 “Fusion and fission” and an

“increased number” of mitochondria play critical roles in

maintaining functional mitochondria in the presence of

environmental stress.22 These dynamics of mitochondria

fine-tune fundamental cellular processes such as calcium

homeostasis and the generation of ATP and reactive

FIGURE 7: Quantitative analysis of axonal damage in the optic nerves in neuromyelitis optica (NMO) spectrum disorder
(NMOsd). (A–D) Axonal pathology in the optic nerves in NMOsd was quantitatively assessed by immunohistochemistry for SMI-
31 (A, B), voltage-dependent anion channel -1 (VDAC-1; C), and transient receptor potential melastatin 4 (TRPM4; D). Axonal
damage was classified as normal axons (score 0; green), swollen axons with or without spheroids (score 1; yellow), and frag-
mented axons (score 2; red), as modified from a previous report35 (B). The density of SMI-311 axons was significantly reduced
(A), and percentages of swollen axons (score 1; yellow) and fragmented axons (score 2; red; B) were significantly increased in
plaques and periplaque white matter (PPWM) in NMOsd and multiple sclerosis (MS) compared to controls. Swollen or frag-
mented axons with no significant reduction in axonal density were present in normal-appearing white matter (NAWM) in
NMOsd, whereas both types of morphological changes and reduced axonal density were evident in NAWM in MS (A, B). Quan-
titative analysis of the mitochondrial volume in axons demonstrated that the VDAC-11 mitochondrial content in SMI-311 axons
was significantly increased in swollen axons of PPWM and NAWM, and in areas of Wallerian degeneration (Wld) in NMOsd
compared to controls (C). In contrast, quantitative analysis of the mitochondrial volume in axons demonstrated that the VDAC-
11 mitochondrial content in SMI-311 axons was not increased in plaques, PPWM, or NAWM in MS (C). Quantification of axonal
TRPM4 expression revealed significantly more TRPM4 immunoreactivity in areas of plaques and in swollen axons of PPWM and
NAWM in NMOsd and MS compared to controls, in which we detected only a small proportion of TRPM41 axons (D). TRPM41

axons were more evident in swollen axons than in nonswollen axons in NMOsd and MS (D). (E) When the severity of axonal
damage was compared between NMOsd and MS, more severe axonal damage, including swollen axons, increased axonal mito-
chondrial content, and aberrant TRPM4 cation channel expression, was prominent in plaques, PPWM, and NAWM in NMOsd
compared to MS, except that reduced axonal density and swollen axons were more evident in NAWM in MS compared to
NMOsd. These qualitative (see Figs 5 and 6) and quantitative (current figure) data suggest that the accumulation of mitochon-
dria with abnormal morphology in the axons was more extensive in NMOsd compared to controls and depended on morpho-
logical changes in axons (swollen axons) and the disease stage (active stage) from the lesion center to NAWM in NMOsd. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; vs control in A–D, MS vs NMO in E.
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oxygen species and consequently play important roles in

apoptosis, mitophagy, and oxygen sensing.22 Intriguingly,

in the EAE model, focal axonal degeneration/swelling

(FAD) with focal intra-axonal accumulation of dysmor-

phic and swollen mitochondria, but with intact myelin

sheaths, is the earliest ultrastructural sign of damage,

FIGURE 8.
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which progresses to axonal fragmentation and demyelin-

ation.35 These axonal changes that are consistent with

FAD are present in acute MS lesions.35 In addition, lack

of mitochondrial respiratory chain complex IV activity in

a proportion of Na1/K1 ATPase a-11 demyelinated

axons supports axonal dysfunction as a contributor to

neurological impairment in MS.36 Second, TRPM4 con-

tributes crucially to inflammation-induced neurodegener-

ation including glutamate excitotoxicity, which is

downstream of glutamatergic Ca21 influx and depends

on calcium-activated TRPM4-mediated inward currents.

This excitotoxicity mediates axonal swelling and neuronal

cell death in the EAE model and MS.24 Third, Wld,

which was traditionally thought to result from passive

degeneration of axons due to a lack of cell body-derived

nutrients,37 is a prominent early feature of most neurode-

generative disorders, including amyotrophic lateral sclero-

sis. However, analysis of the slow Wallerian degeneration

(WldS) mutant mouse has recently elucidated that Wld is

mediated by an active autodestruction program via axon

death signaling pathways, including the Toll-like receptor

adaptor SARM1.38 Early during Wld, mitochondria

swell, fragments accumulate at paranodes, and mitochon-

dria lose their membrane potential.38 In the EAE model,

WldS mutant mice show a modest attenuation of axonal

loss, suggesting that EAE-associated axonal damage may

occur by a mechanism that is partially similar to Wld.39

In early MS, Wld is a major component of axonal

pathology in plaques and PPWM.34 Collectively, degen-

erative mitochondria, accumulation of TRPM4, and Wld

may be mutually interrelated and mediate processes of

severe neurodegeneration in MS and EAE. In this study,

we showed that more severe and widespread neurodegen-

eration, including Wld with accumulation of degenera-

tive mitochondria and TRPM4 channels, was evident in

NMOsd compared to MS. These factors may contribute

to clinical features such as the profound and persistent

visual loss and chronic progressive deterioration seen in

ON in NMOsd.

We here propose that the pathogenesis of the AVP

in NMOsd may be caused by several neurodegenerative

processes, including not only secondary anterograde

(Wld) or retrograde changes after ON, but also in vivo

primary neuroaxonal pathology via AQP4 antibody-

mediated pathology of astrocytes/M€uller cells, regardless

of ON history. The presence of neurodegeneration in

AQP4-deficient regions including (1) myelin-preserved

PPWM adjacent the optic nerve plaques and (2) the ret-

ina, which is physiologically devoid of myelin, in

NMOsd may indicate that demyelination is not necessar-

ily essential for processes of neurodegeneration in

NMOsd. A marked reduction in the astrocytic Na1-

FIGURE 8: Retinal nerve fiber layer (RNFL) thinning and mild loss of calbindin1 horizontal cells with unique dynamics of M€uller
cells in the retina of neuromyelitis optica (NMO) spectrum disorder (NMOsd). (F) The retina consists of 2 major parts: the reti-
nal pigment epithelium and the neural retina. The neural retina can be divided into 9 layers: (1) photoreceptors (rods [r] and
cones [c]); (2) external limiting membrane (attachment sites of adjacent photoreceptors and M€uller cells [m]); (3) outer nuclear
layer (ONL; nuclei of photoreceptors); (4) outer plexiform layer (OPL; axonal extensions of photoreceptors), which contains the
middle limiting membrane (desmosomelike attachments of photoreceptor synapse expansions); (5) inner nuclear layer (INL;
nuclei of bipolar [b], horizontal [h], amacrine [a], and M€uller cells); (6) inner plexiform layer (IPL; mostly synapses of bipolar
cells, ganglion cells [g], and amacrine cells); (7) ganglion cell layer (GCL); (8) RNFL (axons of ganglion cells); and (9) internal lim-
iting membrane (basement membrane of M€uller cells). In addition to M€uller cells, astroglial (as) and microglial cells (mi) are
found in the inner retina. In normal conditions, aquaporin-4 (AQP4) water channels are expressed by astrocytes within the
RNFL and by M€uller cell membranes especially within the RNFL and OPL, and the cell soma of M€uller cells lies within the INL.
The calcium-binding protein calbindin is a known marker of cone photoreceptors, horizontal cells, and subpopulations of bipo-
lar cells and amacrine cells in the human retina. The human retina is devoid of myelin. Ganglion cell complex (GCC) scanning
using a Fourier/spectrum domain optical coherence tomography system encompasses the 3 layers, including the RNFL, GCL,
and IPL in the retina. We uncovered 3 important findings in NMOsd retinas. (A) First, all NMOsd and multiple sclerosis (MS)
autopsy cases showed severe thinning of the RNFL with an abundance of glial fibrillary acidic protein (GFAP)1 and AQP41

astrocytes, and neuronal loss in the GCL in the retina, suggesting the presence of secondary retinal degeneration after optic
neuritis (ON). (B, D) Second, we observed scattered loss of AQP4 immunoreactivity (IR) in the INL, OPL, and ONL of M€uller
cells and mild to severe reduction in M€uller cell nuclei with glutamine synthetase (GS)-IR-rich cytoplasm in the INL of NMOsd
cases. Conversely, the GS1 cell soma of M€uller cells lay within the INL in control and MS retinas (arrowheads). (C) Third, all reti-
nas in the NMOsd and MS patients showed mild loss of calbindin1 horizontal cells (arrows) in the INL. (E) Schematic lesion
maps of the retina in each case with NMOsd are shown. Lesions with loss of AQP4 IR in M€uller cells in the INL, OPL, and ONL
are indicated in red, lesions with loss of soma of GS1 M€uller cells in the INL are indicated in blue, and lesions with loss of
calbindin1 horizontal cells in the INL are indicated in green. All NMOsd patients showed mild neuronal loss in the INL with
unique dynamics in M€uller cells. Iba-11 microglia were present in the inner retina of NMOsd cases, but CD45RO1 T cells,
CD201 B cells, and perivascular deposition of complement, C9neo, were not observed (data not shown). These data suggest
that the characteristics of the retinal pathology observed in NMOsd cases were strikingly distinct not only from those of the
retina in MS cases but also from those of myelitis or ON in NMOsd cases (see Fig 4). Therefore, the retina in NMOsd cases
was characterized by primary as well as secondary neuronal and axonal loss with unique dynamics of M€uller cells. The data
shown are representative of NMOsd, MS, and control retinas (A–D). HE 5 hematoxylin and eosin; I 5 INL; O 5 ONL; R 5

RNFL.
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oxygen species and consequently play important roles in

apoptosis, mitophagy, and oxygen sensing.22 Intriguingly,

in the EAE model, focal axonal degeneration/swelling

(FAD) with focal intra-axonal accumulation of dysmor-

phic and swollen mitochondria, but with intact myelin

sheaths, is the earliest ultrastructural sign of damage,
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which progresses to axonal fragmentation and demyelin-

ation.35 These axonal changes that are consistent with

FAD are present in acute MS lesions.35 In addition, lack

of mitochondrial respiratory chain complex IV activity in

a proportion of Na1/K1 ATPase a-11 demyelinated

axons supports axonal dysfunction as a contributor to

neurological impairment in MS.36 Second, TRPM4 con-

tributes crucially to inflammation-induced neurodegener-

ation including glutamate excitotoxicity, which is

downstream of glutamatergic Ca21 influx and depends

on calcium-activated TRPM4-mediated inward currents.

This excitotoxicity mediates axonal swelling and neuronal

cell death in the EAE model and MS.24 Third, Wld,

which was traditionally thought to result from passive

degeneration of axons due to a lack of cell body-derived

nutrients,37 is a prominent early feature of most neurode-

generative disorders, including amyotrophic lateral sclero-

sis. However, analysis of the slow Wallerian degeneration

(WldS) mutant mouse has recently elucidated that Wld is

mediated by an active autodestruction program via axon

death signaling pathways, including the Toll-like receptor

adaptor SARM1.38 Early during Wld, mitochondria

swell, fragments accumulate at paranodes, and mitochon-

dria lose their membrane potential.38 In the EAE model,

WldS mutant mice show a modest attenuation of axonal

loss, suggesting that EAE-associated axonal damage may

occur by a mechanism that is partially similar to Wld.39

In early MS, Wld is a major component of axonal

pathology in plaques and PPWM.34 Collectively, degen-

erative mitochondria, accumulation of TRPM4, and Wld

may be mutually interrelated and mediate processes of

severe neurodegeneration in MS and EAE. In this study,

we showed that more severe and widespread neurodegen-

eration, including Wld with accumulation of degenera-

tive mitochondria and TRPM4 channels, was evident in

NMOsd compared to MS. These factors may contribute

to clinical features such as the profound and persistent

visual loss and chronic progressive deterioration seen in

ON in NMOsd.

We here propose that the pathogenesis of the AVP

in NMOsd may be caused by several neurodegenerative

processes, including not only secondary anterograde

(Wld) or retrograde changes after ON, but also in vivo

primary neuroaxonal pathology via AQP4 antibody-

mediated pathology of astrocytes/M€uller cells, regardless

of ON history. The presence of neurodegeneration in

AQP4-deficient regions including (1) myelin-preserved

PPWM adjacent the optic nerve plaques and (2) the ret-

ina, which is physiologically devoid of myelin, in

NMOsd may indicate that demyelination is not necessar-

ily essential for processes of neurodegeneration in

NMOsd. A marked reduction in the astrocytic Na1-

FIGURE 8: Retinal nerve fiber layer (RNFL) thinning and mild loss of calbindin1 horizontal cells with unique dynamics of M€uller
cells in the retina of neuromyelitis optica (NMO) spectrum disorder (NMOsd). (F) The retina consists of 2 major parts: the reti-
nal pigment epithelium and the neural retina. The neural retina can be divided into 9 layers: (1) photoreceptors (rods [r] and
cones [c]); (2) external limiting membrane (attachment sites of adjacent photoreceptors and M€uller cells [m]); (3) outer nuclear
layer (ONL; nuclei of photoreceptors); (4) outer plexiform layer (OPL; axonal extensions of photoreceptors), which contains the
middle limiting membrane (desmosomelike attachments of photoreceptor synapse expansions); (5) inner nuclear layer (INL;
nuclei of bipolar [b], horizontal [h], amacrine [a], and M€uller cells); (6) inner plexiform layer (IPL; mostly synapses of bipolar
cells, ganglion cells [g], and amacrine cells); (7) ganglion cell layer (GCL); (8) RNFL (axons of ganglion cells); and (9) internal lim-
iting membrane (basement membrane of M€uller cells). In addition to M€uller cells, astroglial (as) and microglial cells (mi) are
found in the inner retina. In normal conditions, aquaporin-4 (AQP4) water channels are expressed by astrocytes within the
RNFL and by M€uller cell membranes especially within the RNFL and OPL, and the cell soma of M€uller cells lies within the INL.
The calcium-binding protein calbindin is a known marker of cone photoreceptors, horizontal cells, and subpopulations of bipo-
lar cells and amacrine cells in the human retina. The human retina is devoid of myelin. Ganglion cell complex (GCC) scanning
using a Fourier/spectrum domain optical coherence tomography system encompasses the 3 layers, including the RNFL, GCL,
and IPL in the retina. We uncovered 3 important findings in NMOsd retinas. (A) First, all NMOsd and multiple sclerosis (MS)
autopsy cases showed severe thinning of the RNFL with an abundance of glial fibrillary acidic protein (GFAP)1 and AQP41

astrocytes, and neuronal loss in the GCL in the retina, suggesting the presence of secondary retinal degeneration after optic
neuritis (ON). (B, D) Second, we observed scattered loss of AQP4 immunoreactivity (IR) in the INL, OPL, and ONL of M€uller
cells and mild to severe reduction in M€uller cell nuclei with glutamine synthetase (GS)-IR-rich cytoplasm in the INL of NMOsd
cases. Conversely, the GS1 cell soma of M€uller cells lay within the INL in control and MS retinas (arrowheads). (C) Third, all reti-
nas in the NMOsd and MS patients showed mild loss of calbindin1 horizontal cells (arrows) in the INL. (E) Schematic lesion
maps of the retina in each case with NMOsd are shown. Lesions with loss of AQP4 IR in M€uller cells in the INL, OPL, and ONL
are indicated in red, lesions with loss of soma of GS1 M€uller cells in the INL are indicated in blue, and lesions with loss of
calbindin1 horizontal cells in the INL are indicated in green. All NMOsd patients showed mild neuronal loss in the INL with
unique dynamics in M€uller cells. Iba-11 microglia were present in the inner retina of NMOsd cases, but CD45RO1 T cells,
CD201 B cells, and perivascular deposition of complement, C9neo, were not observed (data not shown). These data suggest
that the characteristics of the retinal pathology observed in NMOsd cases were strikingly distinct not only from those of the
retina in MS cases but also from those of myelitis or ON in NMOsd cases (see Fig 4). Therefore, the retina in NMOsd cases
was characterized by primary as well as secondary neuronal and axonal loss with unique dynamics of M€uller cells. The data
shown are representative of NMOsd, MS, and control retinas (A–D). HE 5 hematoxylin and eosin; I 5 INL; O 5 ONL; R 5

RNFL.
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dependent excitatory amino acid transporter 2,40,41 and

downregulation of the NMDA-receptor subunit NR1,41

are present in AQP4-deficient regions in NMOsd

patients and a rat passive transfer model using AQP4

antibodies, even when myelin IR is preserved.41 These

data suggest that disruption of glutamate homeostasis40,41

may play a role in primary neurodegeneration via glia–

neuron interactions in NMOsd pathogenesis. Further

research is required to investigate all aspects of NMOsd

pathogenesis, including modulation of synaptic function/

network activity and/or myelin maintenance caused by

astrocytopathy in NMOsd.

The basic effector mechanisms of autoantibody

binding to its cellular target may be: (1) functional block

of the target, (2) target internalization, 3) complement-

dependent cytotoxicity (CDC), and (4) antibody-

dependent cell-mediated cytotoxicity (ADCC) in auto-

immune disorders. Previous studies in rodent models and

in vitro assays have shown indirect evidence that CDC,42

ADCC,43 and internalization of AQP4 channels44 may

play important roles in NMOsd pathogenesis. CDC is

the most important immune mechanism of AQP4 anti-

bodies in NMOsd, because a hallmark of NMOsd

pathology is pattern-specific loss of AQP4 IR on astro-

cytes with complement activation. This hallmark was

prominent at 2 major sites, the optic nerves (see Fig 4)

and spinal cord.9,21 Conversely, the pathology in the ret-

ina (see Fig 8) and cortical gray matter12,45 in NMOsd is

distinct from that in the optic nerves and spinal cord.

The retinal pathology in NMOsd was characterized by

secondary retrograde degeneration of RNFL axons with

gliosis (an abundance of AQP41 astrocytes) following

ON, loss of horizontal cells in the INL, and scattered

loss of AQP4 IR on M€uller cells, but no deposition of

complement in situ. The cortical gray matter pathology in

NMOsd is characterized by substantial cortical neuronal

loss in layers II, III, and IV with nonlytic reaction of

AQP4-negative astrocytes in layer I, but no cortical demy-

elination nor deposition of complement.12 Thus, the path-

ological processes in the retina and cortical gray matter in

NMOsd may consist of an entirely different mechanism

than CDC or ADCC in the spinal cord and optic nerves.

These region-specific pathologies in NMOsd may depend

on the following factors: (1) anatomical structures, includ-

ing the glial framework and BBB integrity; (2) the com-

plement regulators CD46, CD55, and CD59, which

protect the brain from complement-mediated damage46;

and (3) the cluster size of OAPs containing AQP4 tet-

ramers, which is influenced by maturational differences in

the ratio of the AQP4 M1 isoform to M23. OAPs con-

tribute to effective complement activation on astrocytic

membranes,44 because OAP assemblies are required for

AQP4 antibodies to recognize AQP4.47 The binding of

AQP4 antibodies may cause incomplete internalization of

AQP4 into the endolysosomal compartment in astrocytes,

followed by disruption of water and/or glutamate homeo-

stasis with excitotoxic consequences for neurons in the ret-

ina and cortical gray matter.

This study has some limitations. The subjects who

were evaluated for neuro-ophthalmological assessments

were different from those who were pathologically exam-

ined, and the cohort of individuals who were pathologi-

cally assessed was small. Our study has intrinsic

limitations owing to the limited availability of autopsied

samples and the partial postmortem detachment that

occurs in the retina in NMOsd, similar to the situation

in previous reports describing MS eyes.48 In the future,

prospective, long-term follow-up and large cohort studies

are needed to further characterize NMOsd pathogenesis.

In summary, our findings are consistent with a new

concept in which severe neurodegeneration via abnormal

AQP4 dynamics in astrocytes/M€uller cells is prominent

in NMOsd pathogenesis. Based on this study, future

therapeutic strategies designed to limit the deleterious

effects of not only AQP4 antibodies and damage to

astrocytes but also neurodegeneration via glia-neuron

interactions (eg, mitochondrial protection and replenish-

ment strategies for degenerative axonal mitochondria33;

TRPM4 inhibition strategies for accumulation of

TRPM424; and WldS/nicotinamide mononucleotide

adenylyltransferase-mediated axonal protection strategies

for Wld38) are worthy of further investigation.
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dependent excitatory amino acid transporter 2,40,41 and

downregulation of the NMDA-receptor subunit NR1,41

are present in AQP4-deficient regions in NMOsd

patients and a rat passive transfer model using AQP4

antibodies, even when myelin IR is preserved.41 These

data suggest that disruption of glutamate homeostasis40,41

may play a role in primary neurodegeneration via glia–

neuron interactions in NMOsd pathogenesis. Further

research is required to investigate all aspects of NMOsd

pathogenesis, including modulation of synaptic function/

network activity and/or myelin maintenance caused by

astrocytopathy in NMOsd.

The basic effector mechanisms of autoantibody

binding to its cellular target may be: (1) functional block

of the target, (2) target internalization, 3) complement-

dependent cytotoxicity (CDC), and (4) antibody-

dependent cell-mediated cytotoxicity (ADCC) in auto-

immune disorders. Previous studies in rodent models and

in vitro assays have shown indirect evidence that CDC,42

ADCC,43 and internalization of AQP4 channels44 may

play important roles in NMOsd pathogenesis. CDC is

the most important immune mechanism of AQP4 anti-

bodies in NMOsd, because a hallmark of NMOsd

pathology is pattern-specific loss of AQP4 IR on astro-

cytes with complement activation. This hallmark was

prominent at 2 major sites, the optic nerves (see Fig 4)

and spinal cord.9,21 Conversely, the pathology in the ret-

ina (see Fig 8) and cortical gray matter12,45 in NMOsd is

distinct from that in the optic nerves and spinal cord.

The retinal pathology in NMOsd was characterized by

secondary retrograde degeneration of RNFL axons with

gliosis (an abundance of AQP41 astrocytes) following

ON, loss of horizontal cells in the INL, and scattered

loss of AQP4 IR on M€uller cells, but no deposition of

complement in situ. The cortical gray matter pathology in

NMOsd is characterized by substantial cortical neuronal

loss in layers II, III, and IV with nonlytic reaction of

AQP4-negative astrocytes in layer I, but no cortical demy-

elination nor deposition of complement.12 Thus, the path-

ological processes in the retina and cortical gray matter in

NMOsd may consist of an entirely different mechanism

than CDC or ADCC in the spinal cord and optic nerves.

These region-specific pathologies in NMOsd may depend

on the following factors: (1) anatomical structures, includ-

ing the glial framework and BBB integrity; (2) the com-

plement regulators CD46, CD55, and CD59, which

protect the brain from complement-mediated damage46;

and (3) the cluster size of OAPs containing AQP4 tet-

ramers, which is influenced by maturational differences in

the ratio of the AQP4 M1 isoform to M23. OAPs con-

tribute to effective complement activation on astrocytic

membranes,44 because OAP assemblies are required for

AQP4 antibodies to recognize AQP4.47 The binding of

AQP4 antibodies may cause incomplete internalization of

AQP4 into the endolysosomal compartment in astrocytes,

followed by disruption of water and/or glutamate homeo-

stasis with excitotoxic consequences for neurons in the ret-

ina and cortical gray matter.

This study has some limitations. The subjects who

were evaluated for neuro-ophthalmological assessments

were different from those who were pathologically exam-

ined, and the cohort of individuals who were pathologi-

cally assessed was small. Our study has intrinsic

limitations owing to the limited availability of autopsied

samples and the partial postmortem detachment that

occurs in the retina in NMOsd, similar to the situation

in previous reports describing MS eyes.48 In the future,

prospective, long-term follow-up and large cohort studies

are needed to further characterize NMOsd pathogenesis.

In summary, our findings are consistent with a new

concept in which severe neurodegeneration via abnormal

AQP4 dynamics in astrocytes/M€uller cells is prominent

in NMOsd pathogenesis. Based on this study, future

therapeutic strategies designed to limit the deleterious

effects of not only AQP4 antibodies and damage to

astrocytes but also neurodegeneration via glia-neuron

interactions (eg, mitochondrial protection and replenish-

ment strategies for degenerative axonal mitochondria33;

TRPM4 inhibition strategies for accumulation of

TRPM424; and WldS/nicotinamide mononucleotide

adenylyltransferase-mediated axonal protection strategies

for Wld38) are worthy of further investigation.
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Abstract
Hypoglycemic encephalopathy (HE) is caused by a lack of glucose availability to neuronal

cells, and no neuroprotective drugs have been developed as yet. Studies on the pathogene-

sis of HE and the development of new neuroprotective drugs have been conducted using

animal models such as the hypoglycemic coma model and non-coma hypoglycemia model.

However, both models have inherent problems, and establishment of animal models that

mimic clinical situations is desirable. In this study, we first developed a short-term hypogly-

cemic coma model in which rats could be maintained in an isoelectric electroencephalo-

gram (EEG) state for 2 min and subsequent hyperglycemia without requiring anti-seizure

drugs and an artificial ventilation. This condition caused the production of 4-hydroxy-2-

nonenal (4-HNE), a cytotoxic aldehyde, in neurons of the hippocampus and cerebral cortex,

and a marked increase in neuronal death as evaluated by Fluoro-Jade B (FJB) staining. We

also investigated whether N-(1,3-benzodioxole-5-ylmethyl)-2,6-dichlorobenzamide (Alda-

1), a small-molecule agonist of aldehyde dehydrogenase-2, could attenuate 4-HNE levels

and reduce hypoglycemic neuronal death. After confirming that EEG recordings remained

isoelectric for 2 min, Alda-1 (8.5 mg/kg) or vehicle (dimethyl sulfoxide; DMSO) was adminis-

tered intravenously with glucose to maintain a blood glucose level of 250 to 270 mg/dL.

Fewer 4-HNE and FJB-positive cells were observed in the cerebral cortex of Alda-1-treated

rats than in DMSO-treated rats 24 h after glucose administration (P = 0.002 and P = 0.020).

Thus, activation of the ALDH2 pathway could be a molecular target for HE treatment, and

Alda-1 is a potentially neuroprotective agent that exerts a beneficial effect on neurons when

intravenously administered simultaneously with glucose.

Introduction
Transient hypoglycemic episodes occur during treatment of diabetes mellitus with insulin or
oral hypoglycemic drugs and in cases involving insulinoma, alcoholism, anorexia nervosa, or
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Materials and Methods
The study protocol was approved by the Niigata University Administrative Panel on Laborato-
ry Animal Care. All operations concerning animals were performed according to ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines [15]. All efforts were made to
minimize the number of animals used and their suffering. Alda-1 and vehicle (dimethyl sulfox-
ide, DMSO) were coded and administered by a blinded observer.

EEG recordings
Male Sprague-Dawley rats (260–310 g, 8–10 weeks old, Charles River Japan, Inc.) were used.
After sebum had been removed from both the shaved head and anterior neck regions by scrub-
bing with cotton balls soaked in alcohol, both areas were abraded with EEG abrasive gel (Skin
Pure, Nihon Kohden Corporation). EEG disc electrodes (LEAD110A, BIOPAC Systems, Inc.)
to which EEG disc electrode paste had been applied (Elefix, Nihon Kohden Corporation) were
then attached to the forehead (near the nose) and the occiput (between the porus acusticus) of
the rat, for use as EEG recording electrodes; the former served as the reference. Another disc
electrode was also attached to the anterior neck to be used as the earth electrode. After the elec-
trodes were attached, we confirmed with an alternating current (AC) resistance measuring in-
strument (Model 1089ES Checktrode, UFI Inc.) that the contact resistance between each
electrode was 10 kO or less and that the variation in contact resistance at each electrode was
3 kO or less. An EEG amplifier (EEG100C, BIOPAC Systems, Inc.) was used for EEG amplifi-
cation, and an analog-digital (A/D) converter (MP100System, BIOPAC Systems, Inc.) and
waveform analysis software (AcqKnowledge, BIOPAC Systems, Inc., version 3.7.2) were used
to collect and analyze the data. A bandpass of 0.1 to 100 Hz was used to filter the amplified
EEG, and the sampling frequency of A/D conversion was 200 Hz.

Short-term hypoglycemic coma model
The aforementioned rats were used. Each rat was fed a restricted diet of 20 g/day [16] for at
least three consecutive days and then fasted, being allowed only water, for one day before the
operation. To prevent changes in food consumption due to stress caused by an increase or de-
crease in the number of rats in each cage [17], the number per cage was fixed at three. The re-
maining amount of food was measured once a day before feeding to confirm that there were no
changes in food consumption.

Hypoglycemic loads were applied under anesthesia maintained with a mixed gas of 70% ni-
trous oxide and 30% oxygen with 1.0% to 1.5% halothane added while rectal temperature was
monitored. The rectal temperature was maintained at 37.0 ± 0.5°C with a temperature control
mat, a fan, and a heating lamp. Under direct visualization using a surgical microscope, the left
inguinal region was incised to expose the left femoral vein. A polyethylene catheter (Clay
Adams Intramedic polyethylene tube PE50, Becton Dickinson & Co.) filled with 1% heparin-
ized saline was then placed in the vein and used to collect blood samples for BG measurement.
A BG monitoring instrument (Ascensia BREEZE 2, Bayer Health Care) was used for BG mea-
surement. Next, the left cervical region was incised to expose the left anterior facial vein. An-
other tube, as described above, was placed in the vein and used to administer glucose and
experimental drugs. After a resting EEG had been recorded, rapid-acting insulin (Novolin R
100 IU/mL Injection, Novo Nordisk Pharma Co., Ltd.) was intraperitoneally administered at a
dose of 15 IU/kg [5, 18], and blood samples were then collected every 15 min. If the EEG did
not become isoelectric by more than 180 min after insulin administration, the experiment was
discontinued. After 2 or 10 min of isoelectric EEG state, 50% glucose was intravenously in-
jected at a dose of 0.2 mL (Fig 1A). Then, 50% glucose was intravenously infused at a rate of
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others. Although many patients recover with appropriate treatment, transient hypoglycemic
episodes can result in coma, seizures, and myriad other global and focal neurological deficits
[1–3]. In an analogy to hypoxic encephalopathy, this syndrome has been termed hypoglycemic
encephalopathy (HE). The only treatment for HE is blood glucose (BG) correction by glucose
administration, and no neuroprotective drugs have been developed as yet.

Studies on the pathogenesis of HE and the development of neuroprotective drugs have been
conducted using animal models. There are two conventional animal models of HE: one in
which an isoelectric electroencephalogram (EEG) is maintained for a long period (hypoglyce-
mic coma model) [4, 5] and the other involving euthanization or glucose administration before
the isoelectric EEG (hypoglycemic non-coma model) [6–8]. In the hypoglycemic coma model,
the isoelectric EEG manifesting after the BG decrease is maintained for at least 30 min to en-
sure that the brains are in a state of severe hypoglycemia. However, once changes in the brain
due to hypoglycemia become apparent, seizures and respiratory arrest that cause additional
neuronal damage are unavoidable. Model animals must therefore be treated with an anti-sei-
zure drug and an artificial ventilator beforehand. Regarding a prolonged, markedly hypoglyce-
mic state with an anesthetic agent and an artificial ventilator use, the pathogenesis of HE in
animal models may differ from that of human HE experienced in clinical practice. However,
the hypoglycemic non-coma model can also be problematic in that the various indices used by
researchers as alternatives to isoelectric EEG, to indicate degrees of severity and courses, vary
considerably, reflecting differences in individual responses to hypoglycemic loads. Thus, in
order to elucidate the pathogenesis of HE and develop neuroprotective drugs, there is a need to
establish animal models using isoelectric EEG as a quantitative index of hypoglycemic loads,
without the use of anti-seizure drugs and an artificial ventilation.

Regarding the pathological conditions of HE, neuronal death in animal models is reportedly
induced by oxidative stress generated after glucose administration [5, 9, 10]. This phenomenon
is termed “glucose reperfusion injury”, and its severity increases with higher BG levels after BG
correction [10]. In this context, we recently confirmed higher BG levels after correction in 47
consecutive patients who experienced hypoglycemic episodes (271.1 ± 128.5 mg/dL) [3].
Therefore, an animal model that experiences hypoglycemia followed by similar higher BG lev-
els is preferred.

Studies on the development of neuroprotective drugs for HE have aimed to improve hypoe-
nergetic conditions associated with hypoglycemia or to inhibit oxidative stress caused by glu-
cose reperfusion injury. Among factors causing oxidative stress, 4-hydroxy-2-nonenal
(4-HNE), a cytotoxic aldehyde that is a lipid oxidation product, has been intensively investigat-
ed in myocardial ischemia [11, 12]. It has been shown that 4-HNE is produced from ω-6 poly-
unsaturated fatty acids, such as arachidonic acid, and can cause mitochondrial disorders to
potentially induce neuronal death [13]. Interestingly, N-(1,3-benzodioxole-5-ylmethyl)-
2,6-dichlorobenzamide (Alda-1), an aldehyde dehydrogenase 2 (ALDH2) agonist that in-
creases the activity of mitochondrial ALDH2, inhibits myocardial damage caused by 4-HNE
after ischemia [12, 14]. Therefore, this raises the possibility that Alda-1 may inhibit oxidative
stress caused by glucose reperfusion injury via suppression of 4-HNE levels.

Based on the aforementioned observations, this study had the following three objectives: (1)
to establish a novel animal model of HE that can be maintained in an isoelectric EEG state for a
short period without the use of anti-seizure drugs and an artificial ventilation, enabling the iso-
electric EEG to be used as an index of HE (we termed this model “a short-term hypoglycemic
coma model”), (2) to confirm whether oxidative stress and neuronal death occur in this model,
and (3) to reveal whether Alda-1 exerts protective effects against neuronal death associated
with glucose reperfusion injury thereby demonstrating its potential as a neuroprotective drug.
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Materials and Methods
The study protocol was approved by the Niigata University Administrative Panel on Laborato-
ry Animal Care. All operations concerning animals were performed according to ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines [15]. All efforts were made to
minimize the number of animals used and their suffering. Alda-1 and vehicle (dimethyl sulfox-
ide, DMSO) were coded and administered by a blinded observer.
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Pure, Nihon Kohden Corporation). EEG disc electrodes (LEAD110A, BIOPAC Systems, Inc.)
to which EEG disc electrode paste had been applied (Elefix, Nihon Kohden Corporation) were
then attached to the forehead (near the nose) and the occiput (between the porus acusticus) of
the rat, for use as EEG recording electrodes; the former served as the reference. Another disc
electrode was also attached to the anterior neck to be used as the earth electrode. After the elec-
trodes were attached, we confirmed with an alternating current (AC) resistance measuring in-
strument (Model 1089ES Checktrode, UFI Inc.) that the contact resistance between each
electrode was 10 kO or less and that the variation in contact resistance at each electrode was
3 kO or less. An EEG amplifier (EEG100C, BIOPAC Systems, Inc.) was used for EEG amplifi-
cation, and an analog-digital (A/D) converter (MP100System, BIOPAC Systems, Inc.) and
waveform analysis software (AcqKnowledge, BIOPAC Systems, Inc., version 3.7.2) were used
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100 IU/mL Injection, Novo Nordisk Pharma Co., Ltd.) was intraperitoneally administered at a
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jected at a dose of 0.2 mL (Fig 1A). Then, 50% glucose was intravenously infused at a rate of
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others. Although many patients recover with appropriate treatment, transient hypoglycemic
episodes can result in coma, seizures, and myriad other global and focal neurological deficits
[1–3]. In an analogy to hypoxic encephalopathy, this syndrome has been termed hypoglycemic
encephalopathy (HE). The only treatment for HE is blood glucose (BG) correction by glucose
administration, and no neuroprotective drugs have been developed as yet.

Studies on the pathogenesis of HE and the development of neuroprotective drugs have been
conducted using animal models. There are two conventional animal models of HE: one in
which an isoelectric electroencephalogram (EEG) is maintained for a long period (hypoglyce-
mic coma model) [4, 5] and the other involving euthanization or glucose administration before
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sure that the brains are in a state of severe hypoglycemia. However, once changes in the brain
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animal models may differ from that of human HE experienced in clinical practice. However,
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considerably, reflecting differences in individual responses to hypoglycemic loads. Thus, in
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establish animal models using isoelectric EEG as a quantitative index of hypoglycemic loads,
without the use of anti-seizure drugs and an artificial ventilation.
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Studies on the development of neuroprotective drugs for HE have aimed to improve hypoe-
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(4-HNE), a cytotoxic aldehyde that is a lipid oxidation product, has been intensively investigat-
ed in myocardial ischemia [11, 12]. It has been shown that 4-HNE is produced from ω-6 poly-
unsaturated fatty acids, such as arachidonic acid, and can cause mitochondrial disorders to
potentially induce neuronal death [13]. Interestingly, N-(1,3-benzodioxole-5-ylmethyl)-
2,6-dichlorobenzamide (Alda-1), an aldehyde dehydrogenase 2 (ALDH2) agonist that in-
creases the activity of mitochondrial ALDH2, inhibits myocardial damage caused by 4-HNE
after ischemia [12, 14]. Therefore, this raises the possibility that Alda-1 may inhibit oxidative
stress caused by glucose reperfusion injury via suppression of 4-HNE levels.

Based on the aforementioned observations, this study had the following three objectives: (1)
to establish a novel animal model of HE that can be maintained in an isoelectric EEG state for a
short period without the use of anti-seizure drugs and an artificial ventilation, enabling the iso-
electric EEG to be used as an index of HE (we termed this model “a short-term hypoglycemic
coma model”), (2) to confirm whether oxidative stress and neuronal death occur in this model,
and (3) to reveal whether Alda-1 exerts protective effects against neuronal death associated
with glucose reperfusion injury thereby demonstrating its potential as a neuroprotective drug.
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Immunostaining for 4-HNE, a lipid oxidation product
Rats were euthanized with halothane 24 h after glucose administration. The left ventricle was
perfused with 200 mL of cold saline and 100 mL of 4% paraformaldehyde (PFA) [19]. Removed
whole brains were fixed in 4% PFA at 4°C for 12 h [20]. After rinsing with 0.1 M phosphate
buffered saline (PBS) at 4°C overnight, brains were immersed in 15% sucrose/0.1 M PBS at 4°C
overnight and then 30% sucrose/0.1 M PBS at 4°C for 24 h. Four coronal sections were collect-
ed from each animal starting 4.0 mm posterior to Bregma. They were frozen in isopentane, em-
bedded in optimal cutting temperature (OCT) compound (Tissue-Tek, Sakura Finetek Inc.),
and stored at -80°C. Brain samples were cut with a cryostat (Cryotome E Electronic Cryostat,
Thermo Electron Co.) into sections of 20 μm thickness, placed on slides, and dried for 2 h.
Samples were immersed in 0.3% hydrogen peroxide dissolved in absolute methanol for 30 min
to inhibit peroxidase activity. After rinsing with PBS, sections were incubated with mouse
monoclonal anti-4-HNE antibody (HNEJ-2, JalCA, 1:50) at 4°C overnight. The secondary anti-
body (#BA-2000, Vector Laboratories, Inc.) was applied at room temperature for 2.5 h. After
incubation with an ABC Elite kit (Vectastain ABC, Vector Laboratories, Inc.), sections were de-
veloped in 3,3'-diaminobenzidine. Cerebral cortices (hippocampus level) from each rat were
viewed using a light microscope (Eclipse E600W, Nikon Co.). The number of 4-HNE-positive
cells was counted in five non-overlapping areas of 0.25 mm2 in both parietal and temporal cor-
tical sections, and findings were confirmed in triplicate. Cells were counted in both hemi-
spheres by a blinded observer.

Assessment of neuronal death by Fluoro-Jade B
The 25-μm sections were placed on slides, dried, then immersed in 0.1 M PBS, dried at 50°C or
higher for 30 min, and immersed in 80% ethanol containing 1% sodium hydroxide. Next, sam-
ples were immersed in 70% ethanol solution for 2 min and in purified water for 2 min. After
immersion in 0.06% potassium permanganate solution for another 10 min, samples were
rinsed with purified water for 2 min. After immersion in degenerating neuron binding fluores-
cent derivative staining solution (Fluoro-Jade B [FJB], Histo-Chem Inc., 0.0004%) for 20 min,
a 1-min rinse with purified water was repeated three times; samples were then dried at 50°C for
15 min. Next, samples were immersed in ethanol and xylene, dehydrated, and mounted with
DPX (Fluka; Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). Cerebral cortices (hippo-
campus level) from each rat were observed with a fluorescence microscope (excitation wave-
length, 480 nm; fluorescence wavelength, 525 nm). The number of FJB-positive cells was
counted in five non-overlapping areas of 0.25 mm2 in both parietal and temporal cortical sec-
tions, and findings were confirmed in triplicate. Cells were counted in both hemispheres by a
blinded observer.

Statistical analysis
Results are expressed as means ± standard deviation (SD). A t-test was used for statistical anal-
yses. A P value< 0.05 was considered statistically significant.

Results

Changes in BG levels before and after insulin administration
We first measured BG levels of rats before and after insulin administration. The mean BG level
before insulin administration was 112.4 ± 26.1 mg/dL (Fig 2). After insulin administration, BG
levels gradually decreased and stabilized around 20 mg/dL 60 min after insulin administration.
Since their EEGs did not become isoelectric more than 180 min after insulin administration,
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2.2 mL/h and again intravenously injected at a dose of 0.2 mL three times every 5 min. Further-
more, while blood samples were collected every 15 min, an additional 50% glucose solution
was administered at doses of 0.2 mL if necessary, to maintain BG levels at the target of 250 to
270 mg/dL for 3 h to create a hyperglycemic state that would cause glucose reperfusion injury
in HE. BG levels after correction by glucose administration were determined by reference to
our clinical trials [3]. Disc electrodes and catheters were removed 3 h after the start of
glucose administration.

Intravenous administration of an aldehyde dehydrogenase agonist
An ALDH2 agonist (Alda-1, Merck KGaA), an activator of aldehyde dehydrogenase, was dis-
solved in DMSO at a concentration of 15 mg/mL. At the end of the isoelectric EEG period,
Alda-1 was administered to the Alda-1 group animals at a dose of 8.5 mg/kg with glucose into
the left anterior facial vein, and the same dose of DMSO was administered to the control group
(Fig 1B). The dose of Alda-1 was determined according to the optimal dosage described in pre-
vious reports of myocardial ischemia in rats [12, 14]. Alda-1 and DMSO were administered to
randomly selected rats.

Fig 1. Short-term hypoglycemic comamodel. (A) Protocol for hypoglycemic loading and induction of the hyperglycemic state. Rapid-acting insulin was
intraperitoneally administered at a dose of 15 IU/kg. After 2 or 10 min of the presence of an isoelectric electroencephalogram (EEG), 50% glucose was
intravenously injected at a dose of 0.2 mL and intravenously infused at a rate of 2.2 mL/h. Rats were sacrificed after 24 h of glucose reperfusion. (B) Alda-1
treatment protocol. After 2 min of an isoelectric EEG state, Alda-1 was administered intravenously at a dose of 8.5 mg/kg with 50% glucose (Alda-1 group) or
the same dose of dimethyl sulfoxide (DMSO) was administered (control group).

doi:10.1371/journal.pone.0128844.g001
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tical sections, and findings were confirmed in triplicate. Cells were counted in both hemi-
spheres by a blinded observer.

Assessment of neuronal death by Fluoro-Jade B
The 25-μm sections were placed on slides, dried, then immersed in 0.1 M PBS, dried at 50°C or
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cent derivative staining solution (Fluoro-Jade B [FJB], Histo-Chem Inc., 0.0004%) for 20 min,
a 1-min rinse with purified water was repeated three times; samples were then dried at 50°C for
15 min. Next, samples were immersed in ethanol and xylene, dehydrated, and mounted with
DPX (Fluka; Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). Cerebral cortices (hippo-
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counted in five non-overlapping areas of 0.25 mm2 in both parietal and temporal cortical sec-
tions, and findings were confirmed in triplicate. Cells were counted in both hemispheres by a
blinded observer.
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Results are expressed as means ± standard deviation (SD). A t-test was used for statistical anal-
yses. A P value< 0.05 was considered statistically significant.

Results

Changes in BG levels before and after insulin administration
We first measured BG levels of rats before and after insulin administration. The mean BG level
before insulin administration was 112.4 ± 26.1 mg/dL (Fig 2). After insulin administration, BG
levels gradually decreased and stabilized around 20 mg/dL 60 min after insulin administration.
Since their EEGs did not become isoelectric more than 180 min after insulin administration,
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2.2 mL/h and again intravenously injected at a dose of 0.2 mL three times every 5 min. Further-
more, while blood samples were collected every 15 min, an additional 50% glucose solution
was administered at doses of 0.2 mL if necessary, to maintain BG levels at the target of 250 to
270 mg/dL for 3 h to create a hyperglycemic state that would cause glucose reperfusion injury
in HE. BG levels after correction by glucose administration were determined by reference to
our clinical trials [3]. Disc electrodes and catheters were removed 3 h after the start of
glucose administration.

Intravenous administration of an aldehyde dehydrogenase agonist
An ALDH2 agonist (Alda-1, Merck KGaA), an activator of aldehyde dehydrogenase, was dis-
solved in DMSO at a concentration of 15 mg/mL. At the end of the isoelectric EEG period,
Alda-1 was administered to the Alda-1 group animals at a dose of 8.5 mg/kg with glucose into
the left anterior facial vein, and the same dose of DMSO was administered to the control group
(Fig 1B). The dose of Alda-1 was determined according to the optimal dosage described in pre-
vious reports of myocardial ischemia in rats [12, 14]. Alda-1 and DMSO were administered to
randomly selected rats.

Fig 1. Short-term hypoglycemic comamodel. (A) Protocol for hypoglycemic loading and induction of the hyperglycemic state. Rapid-acting insulin was
intraperitoneally administered at a dose of 15 IU/kg. After 2 or 10 min of the presence of an isoelectric electroencephalogram (EEG), 50% glucose was
intravenously injected at a dose of 0.2 mL and intravenously infused at a rate of 2.2 mL/h. Rats were sacrificed after 24 h of glucose reperfusion. (B) Alda-1
treatment protocol. After 2 min of an isoelectric EEG state, Alda-1 was administered intravenously at a dose of 8.5 mg/kg with 50% glucose (Alda-1 group) or
the same dose of dimethyl sulfoxide (DMSO) was administered (control group).

doi:10.1371/journal.pone.0128844.g001
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Assessment of 4-HNE-positive cells in the short-term hypoglycemic
coma model
The number of 4-HNE-positive cells was compared among the sham group (to which insulin
was not administered), the 2-min isoelectric EEG group, and the 10-min isoelectric EEG group
(Fig 4). There were no significant differences in body weight, food consumption, or BG levels
before or after the experiment among the three groups. In the sham group, no 4-HNE-positive
cells were detected in any of the brain regions examined. In the 2-min isoelectric EEG group,
4-HNE-positive cells were detected in the frontal to parietal-temporal cortex and in the hippo-
campus. The number of 4-HNE-positive cells in the hippocampus was less than that in the ce-
rebral cortex. The frequency of 4-HNE-positive cells in the parietal-temporal cortex at the level
of the hippocampus was significantly higher in the 10-min isoelectric EEG group than in the
2-min isoelectric EEG group (217.9 ± 27.1 cells/0.25 mm2 vs. 104.8 ± 8.9 cells/0.25 mm2;
P< 0.001).

Assessment of FJB-positive cells in the short-term hypoglycemic coma
model
The frequency of hypoglycemia-induced neuronal death, evaluated by FJB staining of the pari-
etal-temporal cortex at the level of the hippocampus, was significantly higher in the 10-min iso-
electric EEG without glucose reperfusion group than in the 2-min isoelectric EEG without
glucose reperfusion group (109.9 ± 45.4 cells/0.25 mm2 vs. 53.3 ± 15.9 cells/0.25 mm2;
P = 0.009, S1 Fig).

Next, the number of FJB-positive cells was compared among the sham, 2-min isoelectric
EEG, and 10-min isoelectric EEG groups (Fig 5). In the sham group, there were no FJB-positive
cells in any of the brain regions examined. In the 2-min isoelectric EEG group, FJB-positive

Fig 3. Temporal changes in electroencephalogram findings and neurological signs. EEG; Electroencephalogram, N/A; not applicable. Data are
means ± SD. Since pupil diameter and light reflexes were not maintained at a constant level during each phase, these findings were not suitable for predicting
precise BG levels.

doi:10.1371/journal.pone.0128844.g003
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the experiment was discontinued in 3 of 30 rats to which glucose was to be administered 2 min
after an isoelectric EEG state was observed (2-min isoelectric EEG group) and 4 of 48 rats to
which glucose was to be administered after 10 min of an isoelectric EEG state (10-min isoelec-
tric EEG group). After glucose administration, BG levels immediately increased and remained
in the 250 to 270 mg/dL range 30 min after the start of glucose administration and beyond.

Changes in EEG and neurological findings
We next investigated EEG findings and neurological signs associated with hypoglycemia and
glucose reperfusion (Fig 3). Resting EEGs before insulin administration exhibited amplitudes
of 10 to 50 μV and a frequency range of 4 to 8 Hz. There were no pupil abnormalities, and the
light reflex was rapid. High-amplitude slow waves (amplitude, 100–200 μV; frequency, 0.1–4
Hz) occurred 69 ± 29 min after insulin administration. At this time, BG levels were 21.4 ±
4.9 mg/dL, pupil diameter was increased, and the light reflex was slow. Mean EEG amplitude
and frequency then both gradually decreased, and the EEG became isoelectric 92 ± 33 min
after insulin administration. At this time, BG levels were 18.3 ± 7.8 mg/dL, pupils were dilated,
and the light reflex disappeared. When glucose was administered after isoelectric EEG, the ap-
pearance of the EEG was similar to that at rest (recovering EEG). Following glucose adminis-
tration, BG levels were 245.8 ± 92.7 mg/dL, dilatation of the pupils disappeared, and the light
reflex was rapid. Since pupil diameter and light reflexes were not maintained at a constant level
during each phase, these findings were not suitable for predicting precise BG levels. Frequen-
cies of seizure and subsequent death in the isoelectric EEG 2-min group were 6.7% (2/30) and
16.7% (5/30), respectively. By contrast, these were 100% (48/48) and 87.5% (42/48), respective-
ly, in the 10-min isoelectric EEG group.

Fig 2. Temporal changes in blood glucose levels after administration of insulin and glucose. Blood glucose levels were measured every 15 min before
and after injection of rapid-acting insulin (from -15 min to 120 min; n = 48) as well as after injection of 50% glucose (from 15 min to 180 min and 24 h; n = 9).

doi:10.1371/journal.pone.0128844.g002
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Effects of Alda-1 on FJB-positive cells
Finally, to ascertain whether Alda-1 exerts protective effects against glucose reperfusion-associ-
ated neuronal death, the number of FJB-positive cells was compared in the Alda-1 and control
groups. Notably, the number of FJB-positive cells was significantly lower in the Alda-1 group
than in the control group (50.9 ± 11.1 vs. 41.1 ± 6.3 cells/0.25 mm2; P = 0.020) (Fig 7).

Discussion
In this study, we first attempted to develop a short-term hypoglycemic coma model that could
be maintained in an isoelectric EEG state for a short period. The isoelectric EEG period was re-
duced from 30 min, which is the isoelectric period used in a conventional hypoglycemic coma
model, to 2 min. We confirmed that seizures did not occur in this condition. The advantages of
this model are as follows. (i) The degree of severity induced by the hypoglycemic load is rela-
tively uniform, while measurements of the light reflex and pupil diameter lack objectivity and
quantitativity. (ii) BG levels during the hyperglycemic state are determined on the basis of actu-
al human clinical data [3]. (iii) This model does not require the use of anti-seizure drugs and
an artificial ventilator. (iv) The severity of oxidative stress and neuronal death are quantifiable
by measuring 4-HNE- and FJB-positive cells, respectively.

Fig 5. Fluoro-Jade B-positive cells in the short-term hypoglycemic comamodel. (A) Representative images of Fluoro-Jade B-positive cells in the sham
group, the 2-min isoelectric EEG (iso-EEG) group, and the 10-min isoelectric EEG group. Scale bar: 100 μm. (B) The number of Fluoro-Jade B-positive cells
in the sham group, the 2-min isoelectric EEG group, and the 10-min isoelectric EEG group. Data are means ± SD (n = 15 fields). *P < 0.001.

doi:10.1371/journal.pone.0128844.g005
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cells were observed in the frontal to parietal-temporal cortex and hippocampus. The number
of FJB-positive cells in the hippocampus was less than that in the cerebral cortex. The frequen-
cy of FJB-positive cells in the parietal-temporal cortex at the level of the hippocampus was sig-
nificantly higher in the 10-min isoelectric EEG group than in the 2-min isoelectric EEG group
(150.7 ± 19.8 cells/0.25 mm2 vs. 89.9 ± 6.8 cells/0.25 mm2; P< 0.001).

Effects of Alda-1 on 4-HNE-positive cells
To examine the effects of Alda-1 on glucose reperfusion-associated 4-HNE expression, the
number of 4-HNE-positive cells was examined in rats to which Alda-1 had been administered
after 2 min of isoelectric EEG (Alda-1 group) and in rats to which DMSO, a solvent, had been
administered (control group). There were no significant differences in body weight, food con-
sumption, or BG levels between the two groups. The number of 4-HNE-positive cells was sig-
nificantly lower in the Alda-1 group than in the control group (101.5 ± 5.6 vs. 92.9 ± 8.1 cells/
0.25 mm2; P = 0.002) (Fig 6). We did not examine the effect of Alda-1 in the 10-min isoelectric
EEG group because a large number of rats developed seizures before administration of glucose
and Alda-1.

Fig 4. Distribution of 4-HNE-positive cells in the short-term hypoglycemic comamodel. (A) Representative images of 4-HNE-positive cells in the sham
group, the 2-min isoelectric EEG (iso-EEG) group, and the 10-min isoelectric EEG group. Higher magnification views of 4-HNE-positive cells are shown in the
small frames. Scale bar: 100 μm. (B) The number of 4-HNE-positive cells in the sham group, the 2-min isoelectric EEG group, and the 10-min isoelectric EEG
group. Data are means ± SD (n = 15 fields). *P < 0.001.
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Effects of Alda-1 on FJB-positive cells
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tively uniform, while measurements of the light reflex and pupil diameter lack objectivity and
quantitativity. (ii) BG levels during the hyperglycemic state are determined on the basis of actu-
al human clinical data [3]. (iii) This model does not require the use of anti-seizure drugs and
an artificial ventilator. (iv) The severity of oxidative stress and neuronal death are quantifiable
by measuring 4-HNE- and FJB-positive cells, respectively.

Fig 5. Fluoro-Jade B-positive cells in the short-term hypoglycemic comamodel. (A) Representative images of Fluoro-Jade B-positive cells in the sham
group, the 2-min isoelectric EEG (iso-EEG) group, and the 10-min isoelectric EEG group. Scale bar: 100 μm. (B) The number of Fluoro-Jade B-positive cells
in the sham group, the 2-min isoelectric EEG group, and the 10-min isoelectric EEG group. Data are means ± SD (n = 15 fields). *P < 0.001.
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after 2 min of isoelectric EEG (Alda-1 group) and in rats to which DMSO, a solvent, had been
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sumption, or BG levels between the two groups. The number of 4-HNE-positive cells was sig-
nificantly lower in the Alda-1 group than in the control group (101.5 ± 5.6 vs. 92.9 ± 8.1 cells/
0.25 mm2; P = 0.002) (Fig 6). We did not examine the effect of Alda-1 in the 10-min isoelectric
EEG group because a large number of rats developed seizures before administration of glucose
and Alda-1.
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group, the 2-min isoelectric EEG (iso-EEG) group, and the 10-min isoelectric EEG group. Higher magnification views of 4-HNE-positive cells are shown in the
small frames. Scale bar: 100 μm. (B) The number of 4-HNE-positive cells in the sham group, the 2-min isoelectric EEG group, and the 10-min isoelectric EEG
group. Data are means ± SD (n = 15 fields). *P < 0.001.

doi:10.1371/journal.pone.0128844.g004

Effects of Alda-1 on Hypoglycemic Neuronal Death

PLOS ONE | DOI:10.1371/journal.pone.0128844 June 17, 2015 8 / 13



－  262  －

which Alda-1 inhibits myocardial damage caused by 4-HNE after myocardial ischemia [12,
14]. Previous studies show that treatments devised to attenuate oxidative stress associated with
glucose reperfusion injury may be therapeutic candidates, including therapeutic hypothermia
[19], administration of nitric oxide synthase inhibitors [21], and nicotine adenine dinucleotide
phosphate oxidase inhibitors [10]. In addition, Alda-1 may be a therapeutic candidate. Activa-
tion of ALDH2 by Alda-1 increases detoxification of reactive aldehydes, such as 4-HNE, a
cytotoxic aldehyde that accumulates during glucose reperfusion injury as a by-product of
ROS-induced lipid peroxidation [14]. Enhanced ALDH2 activity reduces 4-HNE protein ad-
duct formation and increases cell survival. We suggest that activation of the ALDH2 pathway
could be a molecular target for HE treatment, and that Alda-1 is a potentially neuroprotective
agent that exerts a beneficial effect on neurons when intravenously administered simultaneous-
ly with glucose.

This study has a number of limitations. First, with regard to the FJB-positive cells in the
10-min isoelectric EEG group, the seizures associated with a prolonged hypoglycemic state
may affect the results. Second, we did not investigate the effect of other neuroprotective drugs
that inhibit oxidative stress on neuronal death. Future studies are required to determine the
most suitable drug for treatment of glucose reperfusion injury.

Fig 7. Effects of Alda-1 on Fluoro-Jade B-positive cells. (A) Representative images of Fluoro-Jade B-
positive cells treated with vehicle (DMSO) or Alda-1. Scale bar: 100 μm. (B) Number of Fluoro-Jade B-
positive cells in groups treated with vehicle (DMSO) or Alda-1. Data are means ± SD (n = 15 fields).
*P = 0.020.

doi:10.1371/journal.pone.0128844.g007
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Next, we investigated the characteristics of glucose reperfusion injury using this model, and
noted the following observations. (i) We found that the appearance of 4-HNE-positive cells in
the brain even in the 2-min isoelectric EEG group. This suggests that the conditions present in
the 2-min isoelectric EEG group are enough to cause glucose reperfusion injury. Since oxida-
tive stress is not caused by hypoglycemic loads alone [7, 10], this raises the possibility that hy-
perglycemia associated with glucose administration causes glucose reperfusion injury. (ii) We
observed fewer 4-HNE-positive cells in the 2-min isoelectric EEG group than in the 10-min
isoelectric EEG group, although BG levels during the hyperglycemic state were similar. This
finding suggests that the severity of glucose reperfusion injury may be influenced by the degree
of severity of the hypoglycemic load-induced neuronal damage. However, to our knowledge,
no reports have determined the effect of the severity of the hypoglycemic load on glucose reper-
fusion injury. Future studies need to address this issue. (iii) We observed fewer 4-HNE-positive
cells in the hippocampus than in the cerebral cortex. Previous studies demonstrated similar
findings in the non-coma model [7, 8], although the mechanism underlying the difference in
4-HNE production in different brain regions remains unknown.

Finally, we showed that administration of Alda-1 inhibits both the production of 4-HNE
and neuronal death associated with glucose reperfusion injury, similar to previous reports in

Fig 6. Effects of Alda-1 on 4-HNE-positive cells. (A) Representative images of 4-HNE-positive cells
treated with vehicle (dimethyl sulfoxide; DMSO) or Alda-1. A higher magnification view of a 4-HNE-positive
cell is shown in the small frame. Scale bar: 100 μm. (B) Number of 4-HNE-positive cells in groups treated with
vehicle (DMSO) or Alda-1. Data are means ± SD (n = 15 fields). *P = 0.002.

doi:10.1371/journal.pone.0128844.g006
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In conclusion, we established a short-term hypoglycemic coma model. In this model, we
confirmed both the appearance of 4-HNE-positive cells and neuronal death associated with
glucose reperfusion injury. Furthermore, with this model we demonstrated that Alda-1 inhibits
4-HNE production and exerts a protective effect against neuronal death. Thus, Alda-1 may be
a candidate neuroprotective agent for cases involving HE.
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10-min isoelectric EEG without glucose reperfusion group. Data are means ± SD (n = 15
fields). �P = 0.009.
(TIF)
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Introduction
The brain lacks conventional lymphatics for clearing interstitial fluid of solutes not absorbed
across capillaries. The cerebrospinal flow (CSF) system has long been suggested to play a role
equivalent to the systemic lymphatic system. Nevertheless, the role of CSF as the brain’s lym-
phatic system has not received much attention. Recently, however, the classic CSF circulation
theory where CSF is almost exclusively produced by choroid plexus is found to be incomplete.
It is now understood that influx from the peri-capillary (Virchow-Robin) space into the CSF
system, classically referred to as interstitial flow, plays a major role in CSF production [1–3].
Furthermore, a number of studies have now shown that this interstitial flow plays a critical role
in the clearance of β-amyloid [4–8]. Prealbumin (transthyretin) in the CSF has been identified
to play the role of chaperon to β-amyloid, and prevents β-amyloid's natural tendency to aggre-
gate and form plaques [9]. It is highly conceivable, therefore, that disturbance of interstitial
flow may play a significant role in the pathogenesis of senile plaque (SP) formation.

Water homeostasis of the Virchow-Robin space and, therefore, interstitial flow is regulated
by aquaporin-4 (AQP-4) [2,3,10], an isoform of water channels abundant in the brain. Using JJ
vicinal coupling proton exchange (JJVCPE) imaging [11,12], a novel non-invasive magnetic
resonance imaging (MRI) method capable of tracing exogenously applied substrates in a man-
ner similar to positron emission tomography (PET), we had previously demonstrated that
water influx into the CSF system is significantly reduced in senile plaque bearing transgenic
AD model mice to the extent similar to AQP-4 knockout mice [12,13]. Using PET, we con-
firmed in this study that water influx into CSF is also reduced in AD patients.

Materials and Methods

Subjects
Ten normal young volunteers (10 males, ages 21–30 years), ten normal senior volunteers (7
males and 3 females, ages 60–78 years), and ten Alzheimer’s disease (AD) patients (6 males
and 4 females, ages 59–84 years) participated in this study. Participant recruitment was com-
pleted between October 1, 2013, and April 4, 2014 (Fig 1). All volunteers were free of any sig-
nificant medical conditions such as hypertension, diabetes, chronic pulmonary diseases, and
were not taking any prescribed, over the counter, or herbal medications. AD patients were re-
cruited from the Memory Clinic, Niigata University Hospital. The diagnosis of AD was deter-
mined based on DSM-IV criteria by neurologists specializing in dementia. The neurologists
further determined whether the potential subject had decision making capacity to consent for
the study. Age-matched senior volunteers were assessed to have no functional and no cognitive
impairment (Mini-Mental State Examination (MMSE) score�29), and had no neurological
disease. In compliance with the Institutional Review Board of University of Niigata, the study
protocol was explained in detail to all potential subjects, or their proxy where appropriate.
Written informed consent was obtained from all subjects or, where the Alzheimer’s subject was
deemed to have no decision making capacity to consent for the study, by his/her proxy. All im-
aging studies were performed between October 2013 and April 2014. The study was approved
by the Ethics Review Board of the Internal Review Board of University of Niigata. The project
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Abstract

Objective

To investigate whether water influx into cerebrospinal fluid (CSF) space is reduced in Alz-

heimer’s patients as previously shown in the transgenic mouse model for Alzheimer’s

disease.

Methods

Ten normal young volunteers (young control, 21-30 years old), ten normal senior volunteers

(senior control, 60-78 years old, MMSE� 29), and ten Alzheimer’s disease (AD) patients

(study group, 59-84 years old, MMSE: 13-19) participated in this study. All AD patients were

diagnosed by neurologists specializing in dementia based on DSM-IV criteria. CSF dynam-

ics were analyzed using positron emission tomography (PET) following an intravenous in-

jection of 1,000 MBq [15O]H2O synthesized on-line.

Results

Water influx into CSF space in AD patients, expressed as influx ratio, (0.755 ± 0.089) was

significantly reduced compared to young controls (1.357 ± 0.185; p < 0.001) and also com-

pared to normal senior controls (0.981 ± 0.253, p < 0.05). Influx ratio in normal senior con-

trols was significantly reduced compared to young controls (p < 0.01).

Conclusion

Water influx into the CSF is significantly reduced in AD patients. β-amyloid clearance has

been shown to be dependent on interstitial flow and CSF production. The current study indi-

cates that reduction in water influx into the CSF may disturb the clearance rate of β-amyloid,

and therefore be linked to the pathogenesis of AD.
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nificant medical conditions such as hypertension, diabetes, chronic pulmonary diseases, and
were not taking any prescribed, over the counter, or herbal medications. AD patients were re-
cruited from the Memory Clinic, Niigata University Hospital. The diagnosis of AD was deter-
mined based on DSM-IV criteria by neurologists specializing in dementia. The neurologists
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was registered at the UMIN Clinical Trials Registry as UMIN000011939 (http://www.umin.ac.
jp/ctr/index.htm). Participants were provided with contact names and telephone numbers in
the event of any adverse event related to the study. All participants were followed up within
one month of the study to further confirm the absence or occurrence of adverse events related
to the study, not otherwise self-reported by the study participant or proxy to the study coordi-
nator. Alzheimer’s patients are additionally followed up annually at the Memory Clinic.

PET imaging
PET imaging was performed using a combined PET/CT scanner (Discovery ST Elite, GE
Healthcare, Schenectady NY, USA) with a 15 cm field of view (FOV) positioned in the region
of the cerebrum. To correct for photon attenuation, low-dose CT imaging was acquired in heli-
cal mode. The subject’s head rested on a foam cushioned headrest. A head strap was applied to
minimize head movement.

1000 MBq [15O]H2O, synthesized on-line ([
15O]CO2 + 4H2 ! 2[15O]H2O + CH4) was in-

jected intravenously into an antecubital vein via an automatic water injection system (AM
WR01, JFE Technos, Yokohama, Japan). The system delivered a 10 ml bolus over 10 seconds at
1 ml/sec with both pre- and post- flush of an inert saline solution. Immediately after starting
the administration, emission data were acquired over 20 minutes in three-dimensional list
mode with a 25.6 cm axial FOV and sorted into 40 time frames (40 × 30 seconds).

All emission scans were normalized for detector inhomogeneity and corrected for random
coincidences, dead time, scattered radiation, and photon attenuation. For optimization of
image quality, the 40 frames of the dynamic emission scans were reconstructed using
3D-OSEM (Ordered-Subset Expectation Maximization) with 2 iterations and 28 subsets. The
resultant image quality allowed manual identification of regions of interest (ROIs). For the re-
construction algorithms, the data were collected in a 128 × 128 × 47 matrix with a voxel size of
2.0 × 2.0 × 3.27mm.

Data Analysis
The CT and PET image data were transferred to a Xeleris 1.1 workstation (GE Healthcare) for
PET data analysis. Manually defined ROIs on the attenuation corrected axial images and CT
images (lateral and third ventricle, cortex of occipital lobe) were used to obtain the time-activi-
ty data of the scans of each subject. The tissue activity concentration in each ROI was expressed
as the standardized uptake value (SUV, g/ml), corrected for the subject’s body weight and ad-
ministrated dose of radioactivity. Each tissue time activity concentration was determined by fit-
ting the data using the following equation:

yðtÞ ¼ y0 þ ae�bt

where y0 is the baseline SUV. Subsequently, the ratio between SUVs of ventricle and cortex was
defined as the influx ratio. The numerical data were subjected to the Mann-Whitney-Wilcoxon
rank sum test for group analysis using IBM SPSS version 19.5 (IBM Corporation, Armonk,
NY, USA).

Results
Results are shown in Table 1 and summarized in Fig 2. Water influx into CSF space in AD pa-
tients, expressed as influx ratio (0.755 ± 0.089), was significantly reduced compared to young
controls (1.357 ± 0.185, p< 0.001) and senior controls (0.981 ± 0.253, p< 0.05). Furthermore,
the influx ratio of senior controls compared to that of young controls was significantly reduced

Reduction of Water Influx into CSF in Alzheimer's Disease
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Fig 1. Consort Flow Diagram providing details of participant enrolment.

doi:10.1371/journal.pone.0123708.g001
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Fig 2. Schematic presentation of the results with mean (circle) and standard deviation (bar).Water influx into CSF space is expressed as influx ratio
(IR): the ratio between the standardized uptake value (SUV, g/ml) of the ventricle to that of cortex. IR in Alzheimer’s disease patients (AD) is significantly
reduced compared to both young controls (p < 0.001) and senior controls (p < 0.05), Mann-Whitney-Wilcoxon rank sum test. Note that there is no overlap in
data points between AD and young controls. Reduction of influx ratio in senior controls compared to that in young control is found to be significant (p < 0.01)
as well. A large range of influx ratio in senior controls suggests that the observed reduction likely represents one of the aging processes.

doi:10.1371/journal.pone.0123708.g002
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(p< 0.01) as well. The observed large range of influx ratio (0.599–1.442) in the senior controls
suggested that the reduction in water influx into CSF represented an aging process.

Discussion
Fluid-filled canals surrounding perforating arteries and veins in the brain parenchyma were
recognized in the early era of modern medicine. They became known as the Virchow Robin
space, so named after the first two scientists who described the structure in detail, namely,
Rudolph Virchow and Charles Philippe Robin [14,15]. It was soon recognized that fluid in the
Virchow Robin space may play a role similar to systemic lymphatics [4–8,16]. Studies based on
modern technologies disclosed some of the physiological roles of the Virchow Robin space and
interstitial fluid flow, ranging from the regulation of regional blood flow to β-amyloid clearance
during sleep [17–19].

The unique anatomical features of the brain’s vascular system ensure a properly functioning
blood brain barrier (BBB) and are a result of modification of the systemic circulation system. A
critical property of the BBB is prevention of free water permeability across capillary walls (tight

Table 1.

Age Influx Ratio

Young 21 1.10620

21 1.35608

21 1.45009

21 1.14260

22 1.16180

22 1.62079

22 1.24990

24 1.41213

24 1.48959

30 1.57873

Senior 60 0.68299

63 0.92728

63 1.03987

63 1.05720

65 1.44195

68 0.94050

68 1.27526

69 0.81396

74 1.03050

78 0.59892

AD 59 0.69261

61 0.79321

63 0.86105

63 0.62796

71 0.70088

71 0.73065

73 0.74510

79 0.66232

80 0.84389

84 0.88935

doi:10.1371/journal.pone.0123708.t001
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Fig 2. Schematic presentation of the results with mean (circle) and standard deviation (bar).Water influx into CSF space is expressed as influx ratio
(IR): the ratio between the standardized uptake value (SUV, g/ml) of the ventricle to that of cortex. IR in Alzheimer’s disease patients (AD) is significantly
reduced compared to both young controls (p < 0.001) and senior controls (p < 0.05), Mann-Whitney-Wilcoxon rank sum test. Note that there is no overlap in
data points between AD and young controls. Reduction of influx ratio in senior controls compared to that in young control is found to be significant (p < 0.01)
as well. A large range of influx ratio in senior controls suggests that the observed reduction likely represents one of the aging processes.

doi:10.1371/journal.pone.0123708.g002
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endothelium). This is in strong contrast to systemic capillaries which possess a leaky endotheli-
um. The molecular basis of the tight endothelium is the formation of tight junctions. Various
tight junction proteins such as claudin and occludin play the role of “gating control” of paracel-
lular transport. Passive water movement across brain capillaries is strongly restricted by these
tight junctions. In systemic capillaries, active water transport across endothelial cells is accom-
plished by the water channel aquaporin 1 (AQP-1). In brain capillaries, such water movement
is totally abolished through the active suppression of AQP-1 [20]. Accordingly, water motion
between capillary lumen into the peri-capillary Virchow Robin space is highly limited to re-
stricted passive movement.

In contrast to the above situations, the peri-capillary Virchow Robin space receives constant
water influx through AQP-4, another isoform of the aquaporin family, abundantly expressed
in the perivascular endfeet of astrocytes [21]. Virchow Robin space water homeostasis and,
hence, interstitial flow is primarily dependent on water influx through AQP-4 [2,3,10]. Accord-
ingly, brain interstitial flow, which plays a role equivalent to the systemic lymphatic system, is
now considered to be an AQP-4 dependent system [13]. The basic function of lymphatics is
drainage of cellular debris that has been subjected to molecular scrutiny before being returned
to venous circulation. β-amyloid has been shown to be essential for synaptic formation [22].
Disturbance in the proper clearance of β-amyloid, and negative balance between its clearance
and production has been implicated to play a significant role in senile plaque formation and ul-
timately the pathogenesis of Alzheimer’s disease. The various components of amyloid homeo-
stasis have become a target of therapeutic strategies [23–25]. Since under physiological
conditions interstitial flow plays a critical role in the clearance of β-amyloid [4–8], disturbance
in AQP-4 functionality and resultant reduction in interstitial flow could cause significant β-
amyloid accumulation. Transgenic mice lacking endothelial cell expression of Agrin are shown
to have reduced AQP4 while BBB remained intact. These mice have significant accumulation
of β-amyloid[26].

Although it is difficult to determine whether the observed reduction in water influx into the
CSF system in AD patients is the primary abnormality or merely related to β-amyloid deposits
in the brain, the clear cut differences between young normal volunteers and AD patients un-
equivocally indicated that AD patients have significant reduction in interstitial flow. Further-
more, the theoretical possibility of contribution by choroid plexus or the leptomeningeal
vasculature to the water detected in the CSF compartment cannot be totally excluded. Never-
theless, the observed large range of influx ratios in senior controls without cognitive dysfunc-
tion, strongly suggests that reduction of water influx into the CSF itself is not a sufficient factor
for the pathogenesis of AD, a situation similar to senile plaque formation. There must be addi-
tional factors that eventually lead to neural death and cortical dysfunction.

Drainage of β-amyloid by interstitial flow through the Virchow Robin space into CSF is es-
sential for maintaining proper homeostasis between β-amyloid production and clearance. The
balance between β-amyloid production and its clearance appears to be vital for maintaining
proper neural function. Disruption in β-amyloid homeostasis may play a critical role in the
pathogenesis of senile plaque formation, and, hence, the development of Alzheimer’s disease.
Assessment of the dynamic indices of production and clearance of β-amyloid in various cohort
groups, including mild cognitive impairment (MCI), is warranted.
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um. The molecular basis of the tight endothelium is the formation of tight junctions. Various
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lular transport. Passive water movement across brain capillaries is strongly restricted by these
tight junctions. In systemic capillaries, active water transport across endothelial cells is accom-
plished by the water channel aquaporin 1 (AQP-1). In brain capillaries, such water movement
is totally abolished through the active suppression of AQP-1 [20]. Accordingly, water motion
between capillary lumen into the peri-capillary Virchow Robin space is highly limited to re-
stricted passive movement.

In contrast to the above situations, the peri-capillary Virchow Robin space receives constant
water influx through AQP-4, another isoform of the aquaporin family, abundantly expressed
in the perivascular endfeet of astrocytes [21]. Virchow Robin space water homeostasis and,
hence, interstitial flow is primarily dependent on water influx through AQP-4 [2,3,10]. Accord-
ingly, brain interstitial flow, which plays a role equivalent to the systemic lymphatic system, is
now considered to be an AQP-4 dependent system [13]. The basic function of lymphatics is
drainage of cellular debris that has been subjected to molecular scrutiny before being returned
to venous circulation. β-amyloid has been shown to be essential for synaptic formation [22].
Disturbance in the proper clearance of β-amyloid, and negative balance between its clearance
and production has been implicated to play a significant role in senile plaque formation and ul-
timately the pathogenesis of Alzheimer’s disease. The various components of amyloid homeo-
stasis have become a target of therapeutic strategies [23–25]. Since under physiological
conditions interstitial flow plays a critical role in the clearance of β-amyloid [4–8], disturbance
in AQP-4 functionality and resultant reduction in interstitial flow could cause significant β-
amyloid accumulation. Transgenic mice lacking endothelial cell expression of Agrin are shown
to have reduced AQP4 while BBB remained intact. These mice have significant accumulation
of β-amyloid[26].

Although it is difficult to determine whether the observed reduction in water influx into the
CSF system in AD patients is the primary abnormality or merely related to β-amyloid deposits
in the brain, the clear cut differences between young normal volunteers and AD patients un-
equivocally indicated that AD patients have significant reduction in interstitial flow. Further-
more, the theoretical possibility of contribution by choroid plexus or the leptomeningeal
vasculature to the water detected in the CSF compartment cannot be totally excluded. Never-
theless, the observed large range of influx ratios in senior controls without cognitive dysfunc-
tion, strongly suggests that reduction of water influx into the CSF itself is not a sufficient factor
for the pathogenesis of AD, a situation similar to senile plaque formation. There must be addi-
tional factors that eventually lead to neural death and cortical dysfunction.

Drainage of β-amyloid by interstitial flow through the Virchow Robin space into CSF is es-
sential for maintaining proper homeostasis between β-amyloid production and clearance. The
balance between β-amyloid production and its clearance appears to be vital for maintaining
proper neural function. Disruption in β-amyloid homeostasis may play a critical role in the
pathogenesis of senile plaque formation, and, hence, the development of Alzheimer’s disease.
Assessment of the dynamic indices of production and clearance of β-amyloid in various cohort
groups, including mild cognitive impairment (MCI), is warranted.
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A B S T R A C T
The phenomenon known as neural flow coupling (NFC) occurs at the capillary level where there are no known pressure control-
ling structures. Recent developments in advanced magnetic resonance imaging technologies have made possible in vivo direct
investigations of water physiology that have shed new insight on the water dynamics of the cortical pericapillary space and their
complex functionality in relation to NFC. Neural activities initiate a chain of events that ultimately affect NFC. First, neural
activities generate extracellular acidification. Extracellular acidosis in turn produces inhibition of aquaporin-4 (AQP-4) located
at the end feet of pericapillary astrocytes, the water channel which regulates water influx into the pericapillary space and, hence,
interstitial flow. Reduction of pericapillary water pressure results in a negative balance between pericapillary and intraluminal
capillary pressure, allowing for capillary caliber expansion. Proton permeability through the tight junctions of the blood brain
barrier is significantly high owing to the Grotthuss proton “tunneling” mechanism and, therefore, carbonic anhydrase (CA) type
IV (CA-IV) anchored to the luminal surface of brain capillaries functions as scavenger of extracellular protons. CA-IV inhibition
by acetazolamide or carbon dioxide results in the accumulation of extracellular protons, causing AQP-4 inhibition and a secondary
increase in rCBF.
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Introduction
Recent studies have shown that the classic circulation model
of cerebrospinal fluid (CSF) is incomplete.1 Production of CSF
is not only dependent on choroid plexus but also on water
flux in the pericapillary (Virchow Robin) space.2,3 Historically,
CSF flow through the pericapillary space is known as interstitial
flow, and is considered to play a role equivalent to the systemic
lymphatic system.4–10 Advancements in modern magnetic res-
onance imaging (MRI) technologies have allowed for the
noninvasive investigation of water flow in vivo. These studies
revealed that water dynamics of the pericapillary space, ie, in-
terstitial flow, is controlled by aquaporin-4 (AQP-4), the main
subset of the aquaporin water channel family in the brain.11–13

It has also been demonstrated that inhibition of AQP-4 is
strongly coupled with an increase in regional cerebral blood
flow (rCBF).14 These observations have led to a better under-
standing of the architectural significance and functionality of
the cerebrovascular system.15,16 This article is a concise re-
view of the modern concept of neural flow coupling (NFC)
and its relationship to water dynamics in the pericapillary
space.5–10,16

Cerebral Autoregulation: Upstream Control
Cerebral autoregulation signifies an intrinsic ability of the
cerebral vasculature to maintain cerebral blood flow at a
relatively constant rate of approximately 50 ml per 100 g brain
tissue per minute in the face of blood pressure changes.17–22

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

Autoregulation generally functions between mean blood
pressures of 60 to 150 mmHg. It is maintained in parasympa-
thetically and/or sympathetically denervated animals,21 and the
system is independent from extrinsic neural control. Instead, in-
trinsic neural nitric oxide (NO) control22 and release of vasoac-
tive substrates by the brain are believed to play essential roles in
maintaining constant cerebral perfusion.19,20 Perfusion is held
constant by means of the cerebral vasculature smooth muscle
that constricts and dilates in response to elevated and decreased
systemic pressure, respectively.17–22 Although this “upstream”
control of inflow pressure appears to be rather straightforward,
the physiologic mechanisms underlying NFC, neural activity-
associated rCBF increase, were until now poorly understood.

Virchow Robin Space and Interstitial Flow:
Cerebral Lymphatic Equivalent
Fluid-filled canals surrounding perforating arteries and veins in
the parenchyma of the brain were recognized in early modern
medicine and described in detail by Rudolph Virchow and
Charles Philippe Robin.23,24 The space is commonly referred
to as the Virchow Robin space. It is now clearly understood
that the fluid in the Virchow Robin space constitutes interstitial
flow that drains into the CSF system (Fig 1). Virchow Robin
interstitial flow is believed to play a role similar to systemic
lymphatics.2–10

The basic function of systemic lymphatics is drainage of
cellular debris subjected to molecular scrutiny before returning
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Fig 2. Vessel diameter is determined by tension of smooth muscle in artery, arteriole, venule, and vein (Brain Vessels). Capillaries are devoid
of muscle and in capillaries with tight endothelium such as brain capillaries, capillary caliber is determined by the pressure balance between
luminal and outer fluid pressures (Brain Capillary). For capillaries with leaky endothelium (Common Capillary), pressure balance is quickly
equalized without capillary caliber changes.

Fig 3. Pericapillary water dynamics. Water permeability of brain
capillaries is restricted due to the tight endothelium, presence of tight
junctions and active suppression of AQP-1. By contrast, significant
water flow is present in the Virchow Robin space (interstitial flow)
and is supported by active water inflow through AQP-4. Although it
has not been clearly confirmed (?), interstitial flow may similarly be
present along the medullary and subependymal veins.

Indeed, reduced AQP-4 activities by its inhibitor TGN-020
effectively increased rCBF in mice.13 Under physiological con-
ditions, AQP-4 is believed to be inhibited by extracellular
protons similar to other AQP isoforms.32 Therefore, rCBF is
predicted to correlate with extracellular proton density (Figs 3
and 4).

rCBF ∼ [H+]extra

The steps outlined above provide a fresh understanding of
the underpinnings of NFC.

Neural Activities and Extracellular Acidosis
Since the original description by Urbanics et al33 extracellular
(interstitial) acidification associated with neural activities has
been extensively studied by various investigators.34–36 Modern
MRI technologies demonstrated unequivocally that regional
neural activities in humans are accompanied by extracellular
acidosis found in a virtually identical distribution as the neu-
ral activity-induced increase in rCBF detected by blood oxy-
genation level-dependent contrast.37 Therefore, at least from
a phenomenological stand point, neural activity-induced ex-
tracellular acidification plays a role in NFC. Although the pre-
cise underlying mechanisms remain to be elucidated, it appears
clear that neural activity-induced interstitial acidification, and
the resultant inhibition of AQP-4, is indeed a main mediator
of neural activity-associated rCBF increase. Further support
for this concept comes from the “Diamox effect.” Acetazo-
lamide (Diamox) is a carbonic anhydrase (CA) inhibitor and
a powerful agent for increasing rCBF. This “Diamox effect”
is well known to be accompanied by interstitial acidosis in
the brain.38

Within the large CA family, CA type IV (CA-IV) repre-
sents the dominant CA in the cerebral cortex and is anchored
to the luminal surface of cerebral capillaries.39 It has been
shown that interstitial CA activity in the brain is attributable to
CA-IV.40 The human NBC1 sodium bicarbonate cotransporter
directly interacts with CA-IV. The tethering of intracellular CA
type II (CA-II) and extracellular CA-IV in proximity to the
NBC1 HCO3

− transport site maximizes the transmembrane
HCO3

− gradient local to NBC1 and thereby activates the trans-
port rate.41

Since proton permeability through the tight junctions is sig-
nificantly higher than for other small molecules, owing to the
Grotthuss proton tunneling mechanism,42 capillary CA-IV with
NBC1 and CA-II effectively function as scavenger of extracellu-
lar protons generated by neural activation (Fig 5). CA inhibition
by acetazolamide or excess of carbon dioxide (CO2) in capillary
blood results in accumulation of extracellular protons which in
turn inhibit water flux through AQP-4. The resultant negative
pressure relation with respect to intraluminal capillary pressure
affects capillary dilatation and an increase in rCBF.
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Fig 1. Virchow Robin space and interstitial flow. The ventricles and
subarachnoid space represent the cerebrospinal fluid (CSF) space
in the brain. The Virchow Robin space is a continuous canal sur-
rounding penetrating vessels. Interstitial flow runs within the Virchow
Robin space and drains into the subarachnoid space. Contrary to
the classical concept of CSF flow, water CSF within the subarach-
noid space is now believed to be dependent on interstitial flow in the
Virchow Robin space. Although not as yet mainstream, the Virchow
Robin space likely surrounds the medullary veins and subependymal
veins as well. As shown in Figure 3, water influx from the systemic
circulation into CSF is strongly dependent on interstitial flow in the
Virchow Robin space through aquaporin-4 (AQP-4).

to the venous circulation. Although there is no conventional
lymphatic system in the brain, interstitial flow of the Virchow
Robin space constitutes its equivalent, and plays an essential
role in clearing toxic proteins from brain parenchyma. Intersti-
tial flow, and, hence, CSF circulation, eventually drains into the
venous system through the cerebral dural sinuses (Pacchionian
bodies), the latter playing a role similar to the thoracic duct of
the systemic lymphatic system.

An important and intriguing example of interstitial flow pro-
tein clearance is β-amyloid clearance.3,5,7,8,14–16 β-amyloid is es-
sential for synaptic formation.25 Nonetheless, excess β-amyloid
can result in aggregation of the protein and senile plaque for-
mation. Drainage of β-amyloid by interstitial flow through the
Virchow Robin space into CSF is likely critical for maintain-
ing proper homeostasis of β-amyloid production and clear-
ance. The role of prealbumin, abundant in CSF, as β-amyloid
chaperon and in preventing β-amyloid’s natural tendency to
plaque formation, further supports the β-amyloid clearance
hypothesis.26

Pericapillary Water Dynamics and AQP-4
The aquaporin family is a large collection of integral membrane
proteins that enable the movement of water across biologi-
cal membranes. Three isoforms, namely AQP-1, AQP-4, and
AQP-9, have been identified in brain in vivo. Expression of
AQP-1 within CNS capillaries is actively suppressed, and AQP-
1 in the brain is uniquely found in the choroid plexus epithe-
lium. AQP-9 is only scarcely expressed in the CNS and is con-
sidered to have no significant role.12,27 By contrast, AQP-4 is
expressed abundantly in the brain and has a specific distribu-
tion: the subpial and perivascular endfeet of astrocytes.2,10–14

Active suppression of AQP-1 expression in brain capillar-
ies is essential for proper maintenance of the blood brain bar-
rier, preventing excessive movement of water across capillary
walls.27,28 Active water influx into the CSF system from the
blood stream has been shown to be regulated by AQP-4, not
AQP-1, indicating that interstitial flow plays an important role
in CSF dynamics.2

As cerebral equivalent of the systemic lymphatic system,
interstitial flow dysfunction can be expected to result in re-
duction of β-amyloid clearance. Indeed, senile plaque bearing
transgenic mice showed significant decline of water influx into
the CSF system, to the extent similar to that found in AQP-4
knockout mice.29 Positron emission tomography studies in AD
patients have shown virtually identical results.14

NFC and rCBF
Increased rCBF associated with brain activation is a well-
recognized phenomenon that is known as NFC. Since this
is a micro-, rather than macroenvironmental event occurring
within an area limited to 250 μm around the site of neural
activity, the regulatory mechanism for NFC should be within
the capillaries.30

Considering blood flow to be steady, laminar flow within
a long cylindrical pipe (Fig 2), the Hagen-Poiseuille equation
gives volumetric blood flow, �, as

� = π

8η

�P
L

R4

where �P is pressure loss (differences in inflow and outflow
pressure), L is the length of the vessel tube, η is blood viscosity,
and R is the radius of the vessel.31

Given that steady inflow pressure is rigorously controlled
by upstream arterial autoregulation17,18 and constant venous
pressure, under physiological conditions, cerebral blood flow is
virtually determined by the radius of the vessel and increases
parallel to its fourth power

� ∼ R4

The relationship implies that even small changes in capillary
caliber have significant effects on rCBF.

Capillaries are devoid of muscle and, hence, are not under
neural control. The perforating vessels of the cerebral cortex
are surrounded by a fluid-filled perivascular (Virchow Robin)
space. At the capillary level, fluid pressure within the vessel lu-
men is directly opposed by pericapillary fluid pressure. There-
fore, the parameter that determines capillary caliber is the
pressure balance between luminal (intracapillary) and outer
(pericapillary) fluid pressures. Since intracapillary pressure re-
flects the inner pressure of arterioles, and is therefore a function
of upstream arterial autoregulation,17,18 it is the fluid pressure
of the pericapillary space that inversely determines cerebral
capillary caliber changes and, hence, rCBF, as follows:

� ∼ R4 ∼ 1/Pperi−capillary

AQP-4 controls the water dynamics of the pericapillary
space in the brain.2,10,14 Therefore, AQP-4 activities play a role
in controlling rCBF. Simply put, under physiological condi-
tions, rCBF correlates inversely to AQP-4 activities.

rCBF ∼ 1/AQP 4activities
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Fig 2. Vessel diameter is determined by tension of smooth muscle in artery, arteriole, venule, and vein (Brain Vessels). Capillaries are devoid
of muscle and in capillaries with tight endothelium such as brain capillaries, capillary caliber is determined by the pressure balance between
luminal and outer fluid pressures (Brain Capillary). For capillaries with leaky endothelium (Common Capillary), pressure balance is quickly
equalized without capillary caliber changes.

Fig 3. Pericapillary water dynamics. Water permeability of brain
capillaries is restricted due to the tight endothelium, presence of tight
junctions and active suppression of AQP-1. By contrast, significant
water flow is present in the Virchow Robin space (interstitial flow)
and is supported by active water inflow through AQP-4. Although it
has not been clearly confirmed (?), interstitial flow may similarly be
present along the medullary and subependymal veins.

Indeed, reduced AQP-4 activities by its inhibitor TGN-020
effectively increased rCBF in mice.13 Under physiological con-
ditions, AQP-4 is believed to be inhibited by extracellular
protons similar to other AQP isoforms.32 Therefore, rCBF is
predicted to correlate with extracellular proton density (Figs 3
and 4).

rCBF ∼ [H+]extra

The steps outlined above provide a fresh understanding of
the underpinnings of NFC.

Neural Activities and Extracellular Acidosis
Since the original description by Urbanics et al33 extracellular
(interstitial) acidification associated with neural activities has
been extensively studied by various investigators.34–36 Modern
MRI technologies demonstrated unequivocally that regional
neural activities in humans are accompanied by extracellular
acidosis found in a virtually identical distribution as the neu-
ral activity-induced increase in rCBF detected by blood oxy-
genation level-dependent contrast.37 Therefore, at least from
a phenomenological stand point, neural activity-induced ex-
tracellular acidification plays a role in NFC. Although the pre-
cise underlying mechanisms remain to be elucidated, it appears
clear that neural activity-induced interstitial acidification, and
the resultant inhibition of AQP-4, is indeed a main mediator
of neural activity-associated rCBF increase. Further support
for this concept comes from the “Diamox effect.” Acetazo-
lamide (Diamox) is a carbonic anhydrase (CA) inhibitor and
a powerful agent for increasing rCBF. This “Diamox effect”
is well known to be accompanied by interstitial acidosis in
the brain.38

Within the large CA family, CA type IV (CA-IV) repre-
sents the dominant CA in the cerebral cortex and is anchored
to the luminal surface of cerebral capillaries.39 It has been
shown that interstitial CA activity in the brain is attributable to
CA-IV.40 The human NBC1 sodium bicarbonate cotransporter
directly interacts with CA-IV. The tethering of intracellular CA
type II (CA-II) and extracellular CA-IV in proximity to the
NBC1 HCO3

− transport site maximizes the transmembrane
HCO3

− gradient local to NBC1 and thereby activates the trans-
port rate.41

Since proton permeability through the tight junctions is sig-
nificantly higher than for other small molecules, owing to the
Grotthuss proton tunneling mechanism,42 capillary CA-IV with
NBC1 and CA-II effectively function as scavenger of extracellu-
lar protons generated by neural activation (Fig 5). CA inhibition
by acetazolamide or excess of carbon dioxide (CO2) in capillary
blood results in accumulation of extracellular protons which in
turn inhibit water flux through AQP-4. The resultant negative
pressure relation with respect to intraluminal capillary pressure
affects capillary dilatation and an increase in rCBF.
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Fig 1. Virchow Robin space and interstitial flow. The ventricles and
subarachnoid space represent the cerebrospinal fluid (CSF) space
in the brain. The Virchow Robin space is a continuous canal sur-
rounding penetrating vessels. Interstitial flow runs within the Virchow
Robin space and drains into the subarachnoid space. Contrary to
the classical concept of CSF flow, water CSF within the subarach-
noid space is now believed to be dependent on interstitial flow in the
Virchow Robin space. Although not as yet mainstream, the Virchow
Robin space likely surrounds the medullary veins and subependymal
veins as well. As shown in Figure 3, water influx from the systemic
circulation into CSF is strongly dependent on interstitial flow in the
Virchow Robin space through aquaporin-4 (AQP-4).

to the venous circulation. Although there is no conventional
lymphatic system in the brain, interstitial flow of the Virchow
Robin space constitutes its equivalent, and plays an essential
role in clearing toxic proteins from brain parenchyma. Intersti-
tial flow, and, hence, CSF circulation, eventually drains into the
venous system through the cerebral dural sinuses (Pacchionian
bodies), the latter playing a role similar to the thoracic duct of
the systemic lymphatic system.

An important and intriguing example of interstitial flow pro-
tein clearance is β-amyloid clearance.3,5,7,8,14–16 β-amyloid is es-
sential for synaptic formation.25 Nonetheless, excess β-amyloid
can result in aggregation of the protein and senile plaque for-
mation. Drainage of β-amyloid by interstitial flow through the
Virchow Robin space into CSF is likely critical for maintain-
ing proper homeostasis of β-amyloid production and clear-
ance. The role of prealbumin, abundant in CSF, as β-amyloid
chaperon and in preventing β-amyloid’s natural tendency to
plaque formation, further supports the β-amyloid clearance
hypothesis.26

Pericapillary Water Dynamics and AQP-4
The aquaporin family is a large collection of integral membrane
proteins that enable the movement of water across biologi-
cal membranes. Three isoforms, namely AQP-1, AQP-4, and
AQP-9, have been identified in brain in vivo. Expression of
AQP-1 within CNS capillaries is actively suppressed, and AQP-
1 in the brain is uniquely found in the choroid plexus epithe-
lium. AQP-9 is only scarcely expressed in the CNS and is con-
sidered to have no significant role.12,27 By contrast, AQP-4 is
expressed abundantly in the brain and has a specific distribu-
tion: the subpial and perivascular endfeet of astrocytes.2,10–14

Active suppression of AQP-1 expression in brain capillar-
ies is essential for proper maintenance of the blood brain bar-
rier, preventing excessive movement of water across capillary
walls.27,28 Active water influx into the CSF system from the
blood stream has been shown to be regulated by AQP-4, not
AQP-1, indicating that interstitial flow plays an important role
in CSF dynamics.2

As cerebral equivalent of the systemic lymphatic system,
interstitial flow dysfunction can be expected to result in re-
duction of β-amyloid clearance. Indeed, senile plaque bearing
transgenic mice showed significant decline of water influx into
the CSF system, to the extent similar to that found in AQP-4
knockout mice.29 Positron emission tomography studies in AD
patients have shown virtually identical results.14

NFC and rCBF
Increased rCBF associated with brain activation is a well-
recognized phenomenon that is known as NFC. Since this
is a micro-, rather than macroenvironmental event occurring
within an area limited to 250 μm around the site of neural
activity, the regulatory mechanism for NFC should be within
the capillaries.30

Considering blood flow to be steady, laminar flow within
a long cylindrical pipe (Fig 2), the Hagen-Poiseuille equation
gives volumetric blood flow, �, as

� = π

8η

�P
L

R4

where �P is pressure loss (differences in inflow and outflow
pressure), L is the length of the vessel tube, η is blood viscosity,
and R is the radius of the vessel.31

Given that steady inflow pressure is rigorously controlled
by upstream arterial autoregulation17,18 and constant venous
pressure, under physiological conditions, cerebral blood flow is
virtually determined by the radius of the vessel and increases
parallel to its fourth power

� ∼ R4

The relationship implies that even small changes in capillary
caliber have significant effects on rCBF.

Capillaries are devoid of muscle and, hence, are not under
neural control. The perforating vessels of the cerebral cortex
are surrounded by a fluid-filled perivascular (Virchow Robin)
space. At the capillary level, fluid pressure within the vessel lu-
men is directly opposed by pericapillary fluid pressure. There-
fore, the parameter that determines capillary caliber is the
pressure balance between luminal (intracapillary) and outer
(pericapillary) fluid pressures. Since intracapillary pressure re-
flects the inner pressure of arterioles, and is therefore a function
of upstream arterial autoregulation,17,18 it is the fluid pressure
of the pericapillary space that inversely determines cerebral
capillary caliber changes and, hence, rCBF, as follows:

� ∼ R4 ∼ 1/Pperi−capillary

AQP-4 controls the water dynamics of the pericapillary
space in the brain.2,10,14 Therefore, AQP-4 activities play a role
in controlling rCBF. Simply put, under physiological condi-
tions, rCBF correlates inversely to AQP-4 activities.

rCBF ∼ 1/AQP 4activities
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intracellular alkalinization of astrocytes.36 Active proton ex-
trusion by astrocytes appears to be the most attractive
explanation.14,36 The functional significance of NFC has been
linked to elimination of heat production brought about by neu-
ral activities. A heat-sensitive voltage-gated proton channel sim-
ilar to neutrophil Hv1 may play a role, although much remains
to be investigated.14,43

The work was supported by grants from the Ministry of Education,
Culture, Sports, Science, and Technology (Japan).
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Fig 4. Neural activation. Neural activation produces extracellular acidification accompanied by increase in rCBF and astrocyte swelling.
Proton inhibition of AQP-4 results in a reduction of water flow from astrocytes into the pericapillary Virchow Robin space, astrocyte swelling
and capillary expansion due to reduction of pericapillary fluid pressure.

Fig 5. CA-IV system. Complex of CA-IV anchored to luminal surface of cerebral capillary, human NBC1 sodium bicarbonate cotransporter
and intracellular CA-II. Their proximity maximizes the transmembrane HCO3

− gradient local to NBC1 and thereby activates the transport rate.
Because of the high proton permeability through tight junctions, capillary CA-IV with NBC1 and CA-II effectively function as scavenger of
extracellular protons generated by neural activation. CA inhibition by acetazolamide or excess of CO2 in capillary blood results in accumulation
of extracellular protons.

Summary: A New Concept
Technological advancements, especially those in the field
of MRI, have led to a new level of understanding of the
physiologic underpinnings of neural activation-induced rCBF
increase, a phenomenon known as NFC. The main player me-
diating NFC is the proton. Neural activities produce intersti-
tial acidification. Excess protons inhibit AQP-4 activities in the
pericapillary Virchow Robin space, resulting in a reduction
in the pericapillary pressure. The negative balance between

pericapillary and intraluminal capillary pressure induces dilata-
tion of capillaries and an increase in rCBF. Acetazolamide or
excess CO2 blocks active clearance of interstitial protons which
are ordinarily highly permeable through the tight junctions and,
similar to neural activities, causes interstitial acidification and
an increase in rCBF.

The precise molecular mechanism of extracellular acidifi-
cation associated with neural activities remains to be eluci-
dated. Such acidification has been shown to be associated with
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intracellular alkalinization of astrocytes.36 Active proton ex-
trusion by astrocytes appears to be the most attractive
explanation.14,36 The functional significance of NFC has been
linked to elimination of heat production brought about by neu-
ral activities. A heat-sensitive voltage-gated proton channel sim-
ilar to neutrophil Hv1 may play a role, although much remains
to be investigated.14,43

The work was supported by grants from the Ministry of Education,
Culture, Sports, Science, and Technology (Japan).

References
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Nakada: The Molecular Mechanisms of Neural Flow Coupling 865

Fig 4. Neural activation. Neural activation produces extracellular acidification accompanied by increase in rCBF and astrocyte swelling.
Proton inhibition of AQP-4 results in a reduction of water flow from astrocytes into the pericapillary Virchow Robin space, astrocyte swelling
and capillary expansion due to reduction of pericapillary fluid pressure.

Fig 5. CA-IV system. Complex of CA-IV anchored to luminal surface of cerebral capillary, human NBC1 sodium bicarbonate cotransporter
and intracellular CA-II. Their proximity maximizes the transmembrane HCO3

− gradient local to NBC1 and thereby activates the transport rate.
Because of the high proton permeability through tight junctions, capillary CA-IV with NBC1 and CA-II effectively function as scavenger of
extracellular protons generated by neural activation. CA inhibition by acetazolamide or excess of CO2 in capillary blood results in accumulation
of extracellular protons.

Summary: A New Concept
Technological advancements, especially those in the field
of MRI, have led to a new level of understanding of the
physiologic underpinnings of neural activation-induced rCBF
increase, a phenomenon known as NFC. The main player me-
diating NFC is the proton. Neural activities produce intersti-
tial acidification. Excess protons inhibit AQP-4 activities in the
pericapillary Virchow Robin space, resulting in a reduction
in the pericapillary pressure. The negative balance between

pericapillary and intraluminal capillary pressure induces dilata-
tion of capillaries and an increase in rCBF. Acetazolamide or
excess CO2 blocks active clearance of interstitial protons which
are ordinarily highly permeable through the tight junctions and,
similar to neural activities, causes interstitial acidification and
an increase in rCBF.

The precise molecular mechanism of extracellular acidifi-
cation associated with neural activities remains to be eluci-
dated. Such acidification has been shown to be associated with
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metabolic changes during the acute stage will be
highly valuable for making the most appropriate
therapeutic decisions. In this review, we present a
brief overview of NAA metabolism with subse-
quent focus on the use of NAA visualization to as-
sess pathophysiological changes during the acute
stage of ischemic stroke.

Distribution, Biochemistry, and Functions

Distribution of NAA
Human studies using MRS show a relatively ho-

mogenous distribution of NAA throughout the
brain, with slightly higher concentrations found in
the occipital cortex, thalamus, and cerebellar hemi-
sphere.7,8 These results agree with those of previous
immunohistochemical studies using rodent brain.9

Additional immunohistochemical studies have dem-
onstrated the presence of NAA predominately in
neuronal cell bodies and their processes.4,9,10 Fur-
ther confirmation of this distribution was obtained
with high performance liquid chromatography
(HPLC) and high resolution nuclear magnetic res-
onance (NMR) studies.11–13 Oligodendrocyte type-
2 astrocyte progenitor cells (O-2A progenitors, NG2
cells)14 were also found to express NAA at easily
detectable levels.12,13 NG2 cells in postnatal brain

have the potential to differentiate into oligoden-
droglia in gray and white matter15 and have been re-
cently confirmed to make up about 5% of all cells in
the adult central nervous system (CNS).16 Although
the expression of NAA by NG2 cells in the adult
brain has not been confirmed, some caution is war-
ranted in interpreting changes in NAA concentra-
tion as a pure neuronal marker.

Tricellular compartment metabolism of NAA
NAA and its glutamate dipeptide derivative, N-

acetylaspartylglutamate (NAAG), which supposed-
ly works as a cotransmitter with glutamate and £-
aminobutyric acid (GABA),17 form the unique tri-
cellular compartment metabolism involving neu-
rons, oligodendrocytes, and astrocytes (Fig. 2).18

Both NAA and NAAG are synthesized in the neu-
ron, but neither are catabolized in the neuron itself.
NAA is either released from neurons or is transport-
ed to oligodendrocytes, where it is metabolized into
acetate and aspartate by aspartoacylase (ASPA).19

NAA-derived acetate in the oligodendrocytes is
converted to acetyl coenzyme A (acetyl CoA) with
acetyl CoA synthetase, which serves primarily as a
precursor in myelin lipid synthesis.20,21 NAAG is
released from the axon terminal in response to neu-
ronal activity, and most is subsequently hydrolyzed

Fig. 1. Chemical structure of N-acetylaspartate (NAA) and representative pro-
ton magnetic resonance spectroscopy (1H-MRS). The methyl group of NAA (a)
shows the most prominent singlet peak at 2.01 ppm in 1H-MRS of normal brain
(b). NAA reduces and lactate appears (c) in the acute ischemic lesion delineated
by diffusion-weighted imaging (DWI) (d). tCHO, total choline compounds; tCr,
sum of creatine and phosphorcreatine.
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Introduction

N-acetylaspartate (NAA) is the acetylated deriv-
ative of L-aspartate1 and the second most abundant
amino acid-related metabolite in the mammalian
brain after glutamate.2,3 Although the reason for its
abundance in the brain remains to be elucidated,
NAA exists mainly in neurons at sufficient concen-
trations to be visible in proton magnetic resonance
spectra (1H-MRS) of normal brain, where the meth-
yl group of NAA shows a prominent peak at 2.01
ppm (Fig. 1). Furthermore, NAA levels attenuate in
many of the pathological states relating to impaired
cellular metabolism and neuronal loss. Pathological
conditions characterized by acute failure of energy
metabolism, i.e., ischemic stroke, hypoxia, and trau-
matic brain injury, exhibit drastic NAA attenuation
from within minutes to hours following the specific
initiating event.4,5 This attenuation during the acute
stage may initially involve a deterioration of NAA
synthesis, acceleration of NAA catabolism, or their
combination. These pathologic conditions often lead

to a combination of brain tissue necrosis and neuro-
nal loss within several days to a week following the
ischemic event unless energy metabolism is re-
sumed within the first several hours.
Ischemic stroke has been the most widely studied

of pathological conditions that exhibit acute NAA
attenuation in both animal models and humans, pri-
marily because of its high worldwide incidence. 1H-
MRS is useful for visualizing the progression of
those pathological conditions following severely
compromised cerebral blood flow resulting from
vascular occlusion. Lactate appears within minutes
of the occlusion due to an acceleration of anaerobic
glycolysis, which compensates for hampered mito-
chondrial oxidation. Because NAA synthesis is
adenosine triphosphate (ATP)-dependent (energy-
dependent),6 impaired energy availability initiates
a continuous decline in levels of NAA, the rate of
which depends in part on severity, within hours of
the ischemic event. Although magnetic resonance
(MR) imaging, especially diffusion-weighted im-
ages (DWI) and perfusion images (PI), is a powerful
technique for visualizing pathological changes in
vivo that can be applied to ischemic stroke, we be-
lieve observation of biomarkers that directly reflect
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therapeutic decisions. In this review, we present a
brief overview of NAA metabolism with subse-
quent focus on the use of NAA visualization to as-
sess pathophysiological changes during the acute
stage of ischemic stroke.

Distribution, Biochemistry, and Functions

Distribution of NAA
Human studies using MRS show a relatively ho-

mogenous distribution of NAA throughout the
brain, with slightly higher concentrations found in
the occipital cortex, thalamus, and cerebellar hemi-
sphere.7,8 These results agree with those of previous
immunohistochemical studies using rodent brain.9

Additional immunohistochemical studies have dem-
onstrated the presence of NAA predominately in
neuronal cell bodies and their processes.4,9,10 Fur-
ther confirmation of this distribution was obtained
with high performance liquid chromatography
(HPLC) and high resolution nuclear magnetic res-
onance (NMR) studies.11–13 Oligodendrocyte type-
2 astrocyte progenitor cells (O-2A progenitors, NG2
cells)14 were also found to express NAA at easily
detectable levels.12,13 NG2 cells in postnatal brain

have the potential to differentiate into oligoden-
droglia in gray and white matter15 and have been re-
cently confirmed to make up about 5% of all cells in
the adult central nervous system (CNS).16 Although
the expression of NAA by NG2 cells in the adult
brain has not been confirmed, some caution is war-
ranted in interpreting changes in NAA concentra-
tion as a pure neuronal marker.

Tricellular compartment metabolism of NAA
NAA and its glutamate dipeptide derivative, N-

acetylaspartylglutamate (NAAG), which supposed-
ly works as a cotransmitter with glutamate and £-
aminobutyric acid (GABA),17 form the unique tri-
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rons, oligodendrocytes, and astrocytes (Fig. 2).18
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ron, but neither are catabolized in the neuron itself.
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NAA-derived acetate in the oligodendrocytes is
converted to acetyl coenzyme A (acetyl CoA) with
acetyl CoA synthetase, which serves primarily as a
precursor in myelin lipid synthesis.20,21 NAAG is
released from the axon terminal in response to neu-
ronal activity, and most is subsequently hydrolyzed
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N-acetylaspartate (NAA) is the acetylated deriv-
ative of L-aspartate1 and the second most abundant
amino acid-related metabolite in the mammalian
brain after glutamate.2,3 Although the reason for its
abundance in the brain remains to be elucidated,
NAA exists mainly in neurons at sufficient concen-
trations to be visible in proton magnetic resonance
spectra (1H-MRS) of normal brain, where the meth-
yl group of NAA shows a prominent peak at 2.01
ppm (Fig. 1). Furthermore, NAA levels attenuate in
many of the pathological states relating to impaired
cellular metabolism and neuronal loss. Pathological
conditions characterized by acute failure of energy
metabolism, i.e., ischemic stroke, hypoxia, and trau-
matic brain injury, exhibit drastic NAA attenuation
from within minutes to hours following the specific
initiating event.4,5 This attenuation during the acute
stage may initially involve a deterioration of NAA
synthesis, acceleration of NAA catabolism, or their
combination. These pathologic conditions often lead

to a combination of brain tissue necrosis and neuro-
nal loss within several days to a week following the
ischemic event unless energy metabolism is re-
sumed within the first several hours.
Ischemic stroke has been the most widely studied

of pathological conditions that exhibit acute NAA
attenuation in both animal models and humans, pri-
marily because of its high worldwide incidence. 1H-
MRS is useful for visualizing the progression of
those pathological conditions following severely
compromised cerebral blood flow resulting from
vascular occlusion. Lactate appears within minutes
of the occlusion due to an acceleration of anaerobic
glycolysis, which compensates for hampered mito-
chondrial oxidation. Because NAA synthesis is
adenosine triphosphate (ATP)-dependent (energy-
dependent),6 impaired energy availability initiates
a continuous decline in levels of NAA, the rate of
which depends in part on severity, within hours of
the ischemic event. Although magnetic resonance
(MR) imaging, especially diffusion-weighted im-
ages (DWI) and perfusion images (PI), is a powerful
technique for visualizing pathological changes in
vivo that can be applied to ischemic stroke, we be-
lieve observation of biomarkers that directly reflect
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and acetate, the latter being an important compo-
nent of myelin lipid. Therefore, it is believed that
part of the NAA synthesized in the neuron serves as
a source of building blocks for myelin synthesis in
oligodendrocytes.20,21,38

Other roles for NAA in the brain are still debated.
However, there is evidence that NAA is important
in maintaining the microenvironment of the brain
parenchyma.4 Two tissues outside the CNS, perito-
neal mast cells39 and ocular lenses,40 have been
found to contain NAA, and in both examples, NAA
appeared to play an important role in osmoregula-
tion and the control of water distribution. Likewise,
NAA is also thought to participate in controlling
osmolality and water distribution in the CNS.41 In
this context, Baslow claimed that NAA may be re-
leased from neurons in some controlled fashion,
which can differ from that of neurotransmitters, and
serve in intercellular signaling.19 A high concentra-
tion of NAA has also been considered to compen-
sate for the anion deficit in the CNS.2,4 Nakada sug-
gested that the negatively charged NAA in neuronal
cytosol can facilitate passive diffusion of high en-
ergy phosphates from the mitochondria to the cell
membrane to fulfill the high energy demands of
neuronal cell membranes.42,43

NAA Attenuation in Acute-stage Ischemic
Stroke

Concept of experimental ischemic stroke
Experimental models of cerebral ischemia have

been developed to assess pathophysiological
changes resulting from ischemia. The universal fea-
ture of the various models is the interruption of ce-
rebral blood flow that feeds a part of the brain,
which, in turn, elicits a depletion of oxygen and
glucose and disrupts tissue metabolism.44 At pres-
ent, rodent models are widely used because their
preparation is convenient, and multiple means of
analysis are available.45

Rodent models of ischemia can be divided into 2
classes, global and focal. The global ischemia mod-
el is characterized by temporary pan-forebrain is-
chemia of relatively short duration, typically 5 to 30
min, that is induced by occlusion of the bilateral
internal carotid arteries46,47 alone or with the simul-
taneous occlusion of the bilateral vertebral arter-
ies.48 This model elicits a profound ischemia of
short duration over the forebrain, so it is considered
to be a model of short-duration cardiac arrest or
severe hypotension. Infarction is not the primary
result of this insult, which instead leads within a
week of the ischemic injury to patchy neuronal loss
with several degrees of reactive gliosis in vulnera-

ble regions, such as the hippocampus, striatum and
cortex.
Focal ischemia models are used to mimic clinical

ischemic stroke. In these models, permanent (no re-
perfusion) or transient (reperfusion typically within
several hours) ischemia are induced in a certain vas-
cular territory, commonly that of the middle cere-
bral artery (MCA), by arterial occlusion using a sil-
icon-coated suture, blood clot, or clipping. In this
model, energy failure from severe blood cessation
in the core of the circumscribed lesion (ischemic
core) produces irreversible biological changes with-
in a short time. Reduction of blood flow is relatively
mild in the rim of the lesion, and that tissue can be
salvaged if blood flow can be restored (reperfusion)
within a few hours.49 In this salvageable area, called
the “penumbra” after the half-shaded area of an
eclipse, blood flow is too low to maintain electric
activity but remains sufficient to preserve the func-
tion of energy-dependent ion channels.50 The term
“penumbra” is now generally used to define ische-
mic but salvageable cerebral tissue that requires im-
mediate reperfusion.51

MRS findings and gradual attenuation of NAA in the
acute stage of ischemic stroke
Typical chronological changes visible by MRS

during acute ischemic stroke have been identified
in several animal studies52–55 and subsequently con-
firmed in human clinical studies.56–59 Typically,
chronological changes of four MRS visible metab-
olites can be seen following cerebral ischemia,
namely rise of lactate, and attenuations of NAA,
creatine and phosphocreatine (Cr), and choline
compounds (Cho). Lactate appears immediately af-
ter cerebral blood flow is compromised and usually
reaches a concentration plateau within 24 hours de-
pending on several factors, such as the severity of
hypoperfusion and plasma glucose concentrations.
Attenuation of NAA levels becomes evident within
an hour and continues almost linearly during the
first 24 hours (Fig. 3).54,56–59 After 24 hours, lactate
tends to cover the entire topographical area of hy-
poperfusion, including the penumbra. Part of the
“tissue at risk” can be identified as areas in which
lactate is present but there is no attenuation of NAA
(Fig. 3b).60 Respective peaks caused by Cr and Cho
begin to gradually fall after cell death begins, and
tissue necrosis becomes obvious, typically several
hours following ischemia.
The changes in relaxation affect the attenuations

of metabolite peaks mainly in subacute to chronic
stage of ischemia. In experimental study, van der
Toorn and associates measured T1 and T2 of the
metabolites and concluded that relaxations of NAA
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into NAA and glutamate at the surface of the astro-
cyte membrane by glutamate carboxypeptidase II
(GCPII).22

Synthesis, catabolism, and functions
The majority of NAA is thought to be synthesized

in neuronal mitochondria23 from aspartate and ace-
tyl-CoA.24,25 Aspartate is converted in the mitochon-
dria from malate, which enters the mitochondria
through the mitochondrial transporter, aralar1.26 The
conversion of malate to aspartate occurs via aspar-
tate aminotransferase (AAT) and part of the tricar-
boxylic acid (TCA) cycle (Fig. 2).27 Finally, NAA
is synthesized by membrane-bound L-aspartate N-
acetyltransferase (Asp-NAT)28 in an energy-depend-
ent manner.6,12,29 Partly because of that energy de-
pendence and the involvement of the TCA cycle in
the conversion of malate to aspartate in mitochon-
dria, NAA biosynthesis is very susceptible to ener-
gy failure.6 Once synthesized, NAA is transported
to the cytosol by the dicarboxylic acid transporter.30

A recent report identified the synthesis of a small

but distinct amount of NAA in cytosol.31,32 In this
secondary pathway, Asp-NAT in the cytosol is
thought to utilize aspartate sequestered from the mi-
tochondria through aralar1.33 However, the signifi-
cance of the 2 distinct NAA synthetic pathways re-
mains unknown.
NAA synthesized in the neuron is transported to

either the extracellular space (ECS) or oligoden-
droglia. Because it exists as a dianion at physiological
pH, the nonspecific diffusion of NAA through the
cell membrane is unlikely. No transporter of NAA
has been identified, but Fujita and Ganapathy sug-
gest that Na+/carboxylate cotransporter 3 (NaC3)
is a likely candidate.34 It has been estimated that
approximately 5% of the total NAA in the CNS is
excreted from the ECS into the blood presumably
via putative NAA transporters in the astrocytes.35

NAA is hydrolyzed by aspartoacylase, the distri-
bution of which is restricted to oligodendrocytes.36

Aspartoacylase activity is reported to increase in
parallel with white matter myelination during de-
velopment,37 and NAA is hydrolyzed into aspartate

Fig. 2. Tricompartment metabolism of N-acetylaspartate (NAA) and N-acetyl-
aspartylglutamate synthetase (NAAG). Both NAA and NAAG are synthesized in
neurons. NAA is mainly released from neurons or transported to oligodendro-
cytes, where it is metabolized into acetate and aspartate by aspartoacylase.
NAA-derived acetate in oligodendrocytes is mainly used as a precursor of myelin
lipid synthesis. NAAG is released from axonal terminals in concordance with
neuronal activity, and most of them are hydrolyzed into NAA and glutamate with
glutamate carboxypeptidase II (GCPII) at the surface of astrocytes. AAT, aspartate
aminotransferase; acetyl CoA, acetyl coenzyme A; ¡-KG, ¡-keto glutarate; APSA,
aspartoacylase; Asp-NAT, L-aspartate N-acetyltransferase; GS, glutamine synthe-
tase; OAA, oxaloacetate.
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and acetate, the latter being an important compo-
nent of myelin lipid. Therefore, it is believed that
part of the NAA synthesized in the neuron serves as
a source of building blocks for myelin synthesis in
oligodendrocytes.20,21,38

Other roles for NAA in the brain are still debated.
However, there is evidence that NAA is important
in maintaining the microenvironment of the brain
parenchyma.4 Two tissues outside the CNS, perito-
neal mast cells39 and ocular lenses,40 have been
found to contain NAA, and in both examples, NAA
appeared to play an important role in osmoregula-
tion and the control of water distribution. Likewise,
NAA is also thought to participate in controlling
osmolality and water distribution in the CNS.41 In
this context, Baslow claimed that NAA may be re-
leased from neurons in some controlled fashion,
which can differ from that of neurotransmitters, and
serve in intercellular signaling.19 A high concentra-
tion of NAA has also been considered to compen-
sate for the anion deficit in the CNS.2,4 Nakada sug-
gested that the negatively charged NAA in neuronal
cytosol can facilitate passive diffusion of high en-
ergy phosphates from the mitochondria to the cell
membrane to fulfill the high energy demands of
neuronal cell membranes.42,43
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Experimental models of cerebral ischemia have

been developed to assess pathophysiological
changes resulting from ischemia. The universal fea-
ture of the various models is the interruption of ce-
rebral blood flow that feeds a part of the brain,
which, in turn, elicits a depletion of oxygen and
glucose and disrupts tissue metabolism.44 At pres-
ent, rodent models are widely used because their
preparation is convenient, and multiple means of
analysis are available.45

Rodent models of ischemia can be divided into 2
classes, global and focal. The global ischemia mod-
el is characterized by temporary pan-forebrain is-
chemia of relatively short duration, typically 5 to 30
min, that is induced by occlusion of the bilateral
internal carotid arteries46,47 alone or with the simul-
taneous occlusion of the bilateral vertebral arter-
ies.48 This model elicits a profound ischemia of
short duration over the forebrain, so it is considered
to be a model of short-duration cardiac arrest or
severe hypotension. Infarction is not the primary
result of this insult, which instead leads within a
week of the ischemic injury to patchy neuronal loss
with several degrees of reactive gliosis in vulnera-

ble regions, such as the hippocampus, striatum and
cortex.
Focal ischemia models are used to mimic clinical

ischemic stroke. In these models, permanent (no re-
perfusion) or transient (reperfusion typically within
several hours) ischemia are induced in a certain vas-
cular territory, commonly that of the middle cere-
bral artery (MCA), by arterial occlusion using a sil-
icon-coated suture, blood clot, or clipping. In this
model, energy failure from severe blood cessation
in the core of the circumscribed lesion (ischemic
core) produces irreversible biological changes with-
in a short time. Reduction of blood flow is relatively
mild in the rim of the lesion, and that tissue can be
salvaged if blood flow can be restored (reperfusion)
within a few hours.49 In this salvageable area, called
the “penumbra” after the half-shaded area of an
eclipse, blood flow is too low to maintain electric
activity but remains sufficient to preserve the func-
tion of energy-dependent ion channels.50 The term
“penumbra” is now generally used to define ische-
mic but salvageable cerebral tissue that requires im-
mediate reperfusion.51

MRS findings and gradual attenuation of NAA in the
acute stage of ischemic stroke
Typical chronological changes visible by MRS

during acute ischemic stroke have been identified
in several animal studies52–55 and subsequently con-
firmed in human clinical studies.56–59 Typically,
chronological changes of four MRS visible metab-
olites can be seen following cerebral ischemia,
namely rise of lactate, and attenuations of NAA,
creatine and phosphocreatine (Cr), and choline
compounds (Cho). Lactate appears immediately af-
ter cerebral blood flow is compromised and usually
reaches a concentration plateau within 24 hours de-
pending on several factors, such as the severity of
hypoperfusion and plasma glucose concentrations.
Attenuation of NAA levels becomes evident within
an hour and continues almost linearly during the
first 24 hours (Fig. 3).54,56–59 After 24 hours, lactate
tends to cover the entire topographical area of hy-
poperfusion, including the penumbra. Part of the
“tissue at risk” can be identified as areas in which
lactate is present but there is no attenuation of NAA
(Fig. 3b).60 Respective peaks caused by Cr and Cho
begin to gradually fall after cell death begins, and
tissue necrosis becomes obvious, typically several
hours following ischemia.
The changes in relaxation affect the attenuations

of metabolite peaks mainly in subacute to chronic
stage of ischemia. In experimental study, van der
Toorn and associates measured T1 and T2 of the
metabolites and concluded that relaxations of NAA
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into NAA and glutamate at the surface of the astro-
cyte membrane by glutamate carboxypeptidase II
(GCPII).22

Synthesis, catabolism, and functions
The majority of NAA is thought to be synthesized

in neuronal mitochondria23 from aspartate and ace-
tyl-CoA.24,25 Aspartate is converted in the mitochon-
dria from malate, which enters the mitochondria
through the mitochondrial transporter, aralar1.26 The
conversion of malate to aspartate occurs via aspar-
tate aminotransferase (AAT) and part of the tricar-
boxylic acid (TCA) cycle (Fig. 2).27 Finally, NAA
is synthesized by membrane-bound L-aspartate N-
acetyltransferase (Asp-NAT)28 in an energy-depend-
ent manner.6,12,29 Partly because of that energy de-
pendence and the involvement of the TCA cycle in
the conversion of malate to aspartate in mitochon-
dria, NAA biosynthesis is very susceptible to ener-
gy failure.6 Once synthesized, NAA is transported
to the cytosol by the dicarboxylic acid transporter.30

A recent report identified the synthesis of a small

but distinct amount of NAA in cytosol.31,32 In this
secondary pathway, Asp-NAT in the cytosol is
thought to utilize aspartate sequestered from the mi-
tochondria through aralar1.33 However, the signifi-
cance of the 2 distinct NAA synthetic pathways re-
mains unknown.
NAA synthesized in the neuron is transported to

either the extracellular space (ECS) or oligoden-
droglia. Because it exists as a dianion at physiological
pH, the nonspecific diffusion of NAA through the
cell membrane is unlikely. No transporter of NAA
has been identified, but Fujita and Ganapathy sug-
gest that Na+/carboxylate cotransporter 3 (NaC3)
is a likely candidate.34 It has been estimated that
approximately 5% of the total NAA in the CNS is
excreted from the ECS into the blood presumably
via putative NAA transporters in the astrocytes.35

NAA is hydrolyzed by aspartoacylase, the distri-
bution of which is restricted to oligodendrocytes.36

Aspartoacylase activity is reported to increase in
parallel with white matter myelination during de-
velopment,37 and NAA is hydrolyzed into aspartate

Fig. 2. Tricompartment metabolism of N-acetylaspartate (NAA) and N-acetyl-
aspartylglutamate synthetase (NAAG). Both NAA and NAAG are synthesized in
neurons. NAA is mainly released from neurons or transported to oligodendro-
cytes, where it is metabolized into acetate and aspartate by aspartoacylase.
NAA-derived acetate in oligodendrocytes is mainly used as a precursor of myelin
lipid synthesis. NAAG is released from axonal terminals in concordance with
neuronal activity, and most of them are hydrolyzed into NAA and glutamate with
glutamate carboxypeptidase II (GCPII) at the surface of astrocytes. AAT, aspartate
aminotransferase; acetyl CoA, acetyl coenzyme A; ¡-KG, ¡-keto glutarate; APSA,
aspartoacylase; Asp-NAT, L-aspartate N-acetyltransferase; GS, glutamine synthe-
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thesis continued within the ischemic core at 120
min after induction of the MCA occlusion, albeit
at a significantly impaired level.69 A massive NAA
release into the ECS was observed in rat models of
permanent focal ischemia, with the concentration of
NAA in the ECS increasing to 10 times that of a
normal rat. However, NAA was undetectable in the
blood with ischemic stroke,70 so the direct excretion
of NAA into the residual blood flow within the is-
chemic core can be expected to play only a minor
role on NAA attenuation in acute sgate of ischemia.
Furthermore, no rise in NAA levels were found in
the CSF of rat models of focal ischemia71,72 despite
its massive release into the ECS. These results sug-
gest a previously unknown NAA catabolic pathway
in brain tissue that is activated during ischemia. In-
deed, complete global ischemia achieved by decap-
itation, in which there is a lack of residual blood
flow, leads to a reciprocal accumulation of aspartate
and acetate over NAA loss.72 Aspartacylase activat-
ed by Ca2+ accumulated in cytoplasm as a result of
ischemia may play the dominant role in NAA ca-
tabolism in complete global ischemia.68 Paradoxi-
cally, the levels of both aspartate and acetate de-
creased in the ischemic lesion during focal ische-
mia.72,73 One important difference between these 2

models of ischemia is the complete absence of
blood flow in the global model and the maintenance
of residual blood flow to the ischemic core of the
focal model.74 A massive amount of aspartate is
also released into the ECS during ischemia.75 Ex-
cretion of the aspartate from the ECS into the blood
can occur through alanine-serine-cysteine trans-
porter 2 (ASCT2) channels located on the basal
membranes of the vascular epithelium, which are
activated by ischemic acidosis.76 Indeed, serum
concentrations of aspartate were reported to rise
during focal ischemia.77 From these reports, we
can ascertain that part of aspartate is released into
residual blood flow from the CNS. Acetate may also
be released into blood or further metabolized by
surviving cells, possibly astrocytes that exclusively
metabolize external acetate under normal physio-
logical conditions.78 Though the fate of acetate is
unclear compared to that of aspartate, we confirmed
that during focal ischemia, the NMR signal from
acetate was detectable in the center of the ischemic
core (Fig. 5a-c). In summary, attenuation of NAA
during ischemic stroke can result from suppression
of NAA synthesis, acceleration of NAA catabolism,
excretion of NAA-related derivatives into blood,
and further metabolism (Fig. 5d, e).

Fig. 4. Chronological changes in N-acetylaspartate (NAA) in clinical ischemic
stroke. As observed in rat brain with permanent focal ischemia, NAA declines
more steeply in the ischemic core than the ischemic rim (a). A closed circle shows
the result from euglycemic cases (¯120mg/dL), and an open circle denotes the
results from hyperglycemic (>120mg/dL) cases in the ischemic core. NAA de-
cline was partly determined with time and plasma glucose concentration in the
ischemic core (b).
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did not change within 24 hours after the induction
of MCA occlusion in the ischemic core of the rat
brain.61 These results agree with the clinical study
which concluded that the T2 of NAA decreased dur-
ing the period between 5 and 20 days after the insult
but did not change earlier.62

Our laboratory confirmed a linear decrease in
NAA levels within the ischemic core and rim in
studies utilizing both rodent models and clinical
cases.55,63 In both studies, no reperfusion was at-
tempted at the point where MRS imaging (MRSI)
was carried out. The observation of a steeper slope
in the decline in NAA in the core than the penumbra
(Figs. 3, 4) indicates that the rate of NAA attenu-
ation in acute-stage ischemia depends in part on the
severity of hypoperfusion. Some of the data in the
human study deviated lower (open circle, Fig. 4),
and most of those cases demonstrated hyperglyce-
mia (>120 mg/dL), which adversely affects meta-
bolic deterioration64 and stroke outcome.65 There-
fore, we undertook a partial correlation of the nor-
malized NAA concentration, time from stroke on-
set, and initial plasma glucose concentration. That
correlation revealed that both the amount of time
elapsed from the ischemic event and the plasma

concentration of glucose in the ischemic core con-
tributed to the rate of NAA decline (Fig. 4b). The
reason NAA declines faster in response to hyper-
glycemia remains unknown. However, hyperglyce-
mia is thought to facilitate the release of cytoplas-
mic amino acids and their derivatives into the ECS
during ischemia,66 thereby raising the intracellular
concentration of calcium ions, which can, in turn,
activate aspartoscylase.67 These mechanisms may
affect the acceleration of NAA decline.
In our human study, the rate of NAA attenuation

was calculated as 0.67 μg/kg/h; this included com-
pensation from the concentration of plasma glucose
in the brain tissue, which was calculated with an
NAA concentration of 9.2 mmol/g (Fig. 2b) re-
vealed by 13C-MRS study in human.68 The result
was somewhat larger than the rate of NAA synthesis
in normal adult human brain (0.55 μg/kg/h) calcu-
lated from a human 13C NMR study that measured
the turnover of NAA in brain tissue.42,68 These re-
sults imply the occurrence of either NAA catabo-
lism or its excretion and cleavage products, namely
aspartate and acetate, during ischemic stroke, even
if NAA production has failed completely. The
13C NMR study in rats demonstrated that NAA syn-

Fig. 3. Chronological changes in N-acetylaspartate (NAA) of rat brain with
permanent focal ischemia. In a diffusion-weighted imaging (DWI)-delineated area
of ischemia (a), NAA visually decreased on proton magnetic resonance spectros-
copy (1H-MRSI), and lactate appeared in the area at risk (b). NAA declined more
steeply in the ischemic core (lateral caudo-putamen [LCP] and somatosensory
cortex [SSC]) than the ischemic rim (MCS). MCP, medial caudo-putamen; R,
reference area.
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thesis continued within the ischemic core at 120
min after induction of the MCA occlusion, albeit
at a significantly impaired level.69 A massive NAA
release into the ECS was observed in rat models of
permanent focal ischemia, with the concentration of
NAA in the ECS increasing to 10 times that of a
normal rat. However, NAA was undetectable in the
blood with ischemic stroke,70 so the direct excretion
of NAA into the residual blood flow within the is-
chemic core can be expected to play only a minor
role on NAA attenuation in acute sgate of ischemia.
Furthermore, no rise in NAA levels were found in
the CSF of rat models of focal ischemia71,72 despite
its massive release into the ECS. These results sug-
gest a previously unknown NAA catabolic pathway
in brain tissue that is activated during ischemia. In-
deed, complete global ischemia achieved by decap-
itation, in which there is a lack of residual blood
flow, leads to a reciprocal accumulation of aspartate
and acetate over NAA loss.72 Aspartacylase activat-
ed by Ca2+ accumulated in cytoplasm as a result of
ischemia may play the dominant role in NAA ca-
tabolism in complete global ischemia.68 Paradoxi-
cally, the levels of both aspartate and acetate de-
creased in the ischemic lesion during focal ische-
mia.72,73 One important difference between these 2

models of ischemia is the complete absence of
blood flow in the global model and the maintenance
of residual blood flow to the ischemic core of the
focal model.74 A massive amount of aspartate is
also released into the ECS during ischemia.75 Ex-
cretion of the aspartate from the ECS into the blood
can occur through alanine-serine-cysteine trans-
porter 2 (ASCT2) channels located on the basal
membranes of the vascular epithelium, which are
activated by ischemic acidosis.76 Indeed, serum
concentrations of aspartate were reported to rise
during focal ischemia.77 From these reports, we
can ascertain that part of aspartate is released into
residual blood flow from the CNS. Acetate may also
be released into blood or further metabolized by
surviving cells, possibly astrocytes that exclusively
metabolize external acetate under normal physio-
logical conditions.78 Though the fate of acetate is
unclear compared to that of aspartate, we confirmed
that during focal ischemia, the NMR signal from
acetate was detectable in the center of the ischemic
core (Fig. 5a-c). In summary, attenuation of NAA
during ischemic stroke can result from suppression
of NAA synthesis, acceleration of NAA catabolism,
excretion of NAA-related derivatives into blood,
and further metabolism (Fig. 5d, e).

Fig. 4. Chronological changes in N-acetylaspartate (NAA) in clinical ischemic
stroke. As observed in rat brain with permanent focal ischemia, NAA declines
more steeply in the ischemic core than the ischemic rim (a). A closed circle shows
the result from euglycemic cases (¯120mg/dL), and an open circle denotes the
results from hyperglycemic (>120mg/dL) cases in the ischemic core. NAA de-
cline was partly determined with time and plasma glucose concentration in the
ischemic core (b).
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did not change within 24 hours after the induction
of MCA occlusion in the ischemic core of the rat
brain.61 These results agree with the clinical study
which concluded that the T2 of NAA decreased dur-
ing the period between 5 and 20 days after the insult
but did not change earlier.62

Our laboratory confirmed a linear decrease in
NAA levels within the ischemic core and rim in
studies utilizing both rodent models and clinical
cases.55,63 In both studies, no reperfusion was at-
tempted at the point where MRS imaging (MRSI)
was carried out. The observation of a steeper slope
in the decline in NAA in the core than the penumbra
(Figs. 3, 4) indicates that the rate of NAA attenu-
ation in acute-stage ischemia depends in part on the
severity of hypoperfusion. Some of the data in the
human study deviated lower (open circle, Fig. 4),
and most of those cases demonstrated hyperglyce-
mia (>120 mg/dL), which adversely affects meta-
bolic deterioration64 and stroke outcome.65 There-
fore, we undertook a partial correlation of the nor-
malized NAA concentration, time from stroke on-
set, and initial plasma glucose concentration. That
correlation revealed that both the amount of time
elapsed from the ischemic event and the plasma

concentration of glucose in the ischemic core con-
tributed to the rate of NAA decline (Fig. 4b). The
reason NAA declines faster in response to hyper-
glycemia remains unknown. However, hyperglyce-
mia is thought to facilitate the release of cytoplas-
mic amino acids and their derivatives into the ECS
during ischemia,66 thereby raising the intracellular
concentration of calcium ions, which can, in turn,
activate aspartoscylase.67 These mechanisms may
affect the acceleration of NAA decline.
In our human study, the rate of NAA attenuation

was calculated as 0.67 μg/kg/h; this included com-
pensation from the concentration of plasma glucose
in the brain tissue, which was calculated with an
NAA concentration of 9.2 mmol/g (Fig. 2b) re-
vealed by 13C-MRS study in human.68 The result
was somewhat larger than the rate of NAA synthesis
in normal adult human brain (0.55 μg/kg/h) calcu-
lated from a human 13C NMR study that measured
the turnover of NAA in brain tissue.42,68 These re-
sults imply the occurrence of either NAA catabo-
lism or its excretion and cleavage products, namely
aspartate and acetate, during ischemic stroke, even
if NAA production has failed completely. The
13C NMR study in rats demonstrated that NAA syn-

Fig. 3. Chronological changes in N-acetylaspartate (NAA) of rat brain with
permanent focal ischemia. In a diffusion-weighted imaging (DWI)-delineated area
of ischemia (a), NAA visually decreased on proton magnetic resonance spectros-
copy (1H-MRSI), and lactate appeared in the area at risk (b). NAA declined more
steeply in the ischemic core (lateral caudo-putamen [LCP] and somatosensory
cortex [SSC]) than the ischemic rim (MCS). MCP, medial caudo-putamen; R,
reference area.
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to 15% may be reversible in the acute stage of ce-
rebral ischemia.

Longitudinal studies: perpetual NAA attenuation
against temporary restoration of ADC
NAA levels decline at an almost linear rate over

time from the onset of ischemia. This time-depend-
ent decline distinguishes NAA as a useful biomark-
er for the imaging of acute-stage ischemic stroke.
Cvoro described a moderate correlation between the
degree of NAA reduction and the time from onset.59

Because the rate at which NAA levels decline is
largely governed by the time from onset, residual
blood flow and initial plasma glucose concentra-
tion, which are thought to be the most important
factors determining the fate of ischemic tissue,83

NAA levels can be used to predict the fate of tissue
with an acute ischemic lesion independently. Com-
bined DWI and PI studies may not be sufficient to
predict tissue outcome successfully83,84 except in
some limited situations.85 Thus, a study combining
DWI, PI, and MRSI can be expected to improve the
prediction of tissue outcome, particularly given that
NAA findings complement those of DWI and PI.86

A representative situation in which dissociation
between NAA and ADC is often observed is the
case of transient ADC restoration following early

reperfusion in both experimental models87,88 and
clinical89,90 settings. Following early reperfusion
within a few hours of onset, DWI suggested reso-
lution of the ischemia within several hours of reper-
fusion; however, the area re-emerged several hours
later on DWI and became infarcted within 24 hours.
We tested the chronological changes in NAA levels
in a rat model of focal ischemia using 90-min MCA
occlusion.91 Though ADC was restored to the nor-
mal range within one hour of reperfusion in the part
of ischemic temporal cortex and lateral basal gan-
glia in which ischemic insult should be mild, NAA
levels continued to show a decline in the same area
(Fig. 6). The mechanism of NAA attenuation de-
spite ADC resolution has not been solved in detail.
However, one clue may be found in reports suggest-
ing that energy restoration after recirculation could
re-establish membrane potential (which is main-
tained by Na+/K+ ATP pump activity) to a margin-
ally survivable level following ischemic insult and
thereby normalize DWI. Nevertheless, energy pro-
duction following reperfusion may not be sufficient
to maintain other energy-dependent mechanisms,
such as NAA synthesis, protein synthesis,92 and
DNA repair via poly(ADP-ribose) polymerase
(PARP),93 at a level sufficient to ensure long-term
cell survival.

Fig. 6. Chronological changes of proton magnetic resonance spectroscopy (1H-
MRS), apparent diffusion coefficient (ADC) map, and regional cerebral blood
flow (rCBF) map before, during, and after short-term focal ischemia.92 ADC re-
stored at one hour after recirculation, but N-acetylaspartate (NAA) demonstrated
continuous attenuation after the induction of ischemia. Open square delineates the
region of interest for magnetic resonance spectroscopy (MRS).
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Association and Dissociation between NAA
Attenuation and DWI Findings

Cross-sectional studies: topographical NAA concen-
tration as a complement of DWI
Diffusion-weighted imaging is a powerful modal-

ity for visualizing focal ischemic lesions in acute
ischemic stroke. It can be used to delineate the re-
gional reduction of the apparent diffusion coeffi-
cient (ADC) of water, which can be calculated from
several DWI images. Though energy failure from
ischemia reduces both ADC and NAA, ADC is re-
duced primarily in the areas in which cellular struc-
ture is altered by Na+/K+ ATP pump failure, which
may only reflect an indirect disruption of energy
metabolism. On the other hand, a reduction of NAA
directly reflects metabolic changes, specifically en-
ergy failure, in brain tissue during acute-stage is-
chemia. Based on that difference, we can expect
NAA levels to reflect the condition of the ischemic
area more sensibly than ADC. However, because
NAA metabolism is comparatively slow, the delin-
eation of the ischemic lesion based on NAA attenu-
ation relating to metabolic energy failure lags be-
hind the reduction of ADC. In clinical cases of

proximal MCA occlusion, Nicoli reported that with-
in 7 hours from onset, MRSI could indicate a large
heterogeneity in NAA concentration in ischemic
areas showing even the lowest ADC values.79 More-
over, some reports suggest a wide range of NAA
concentrations, from 40 to more than 100% of the
normal range, in acute-stage ischemic lesions hav-
ing an unperturbed DWI.59,80 Although it is difficult
at present to ascribe a threshold NAA concentration
for making an accurate tissue prognosis, i.e., wheth-
er it will infarct or be salvageable, during the acute
stages of ischemia, it has been suggested that sal-
vageable areas might be characterized by the pres-
ence of lactate with no or only subtle NAA attenu-
ation.80 In cases with hemispheric transient ische-
mic attack (TIA), NAA was observed to attenuate
about 10 to 15% in the acute stage, which recovered
in 12 to 18 months after the incidents.81 Only the
report of a case with occlusion of the brachioce-
phalic artery described the reversibility of NAA
in the acute stage of ischemia, with the ratio of
NAA to Cr attenuated 10% at the initial measure-
ment normalized after recanalization.82 Though a
larger study is warranted for confirmation, these re-
ports suggest that NAA attenuation by less than 10

Fig. 5. Magnetic resonance spectroscopy (MRS) at 10 hours after induction of
focal ischemia (a-c) and suspected metabolic state of N-acetylaspartate (NAA)
and its derivatives (d,e). Proton MRS (1H-MRS) (a, dashed line), fitted curve (a,
solid line, and c) and fitted residual (d). An acetate peak was seen at 1.9 ppm
(arrow), but a suspected aspartate peak (2.8 ppm) was absent (arrowhead). 1, total
choline compounds (tCho); 2, creatine and phosphocreatine (Cr); 3, glutamate; 4,
NAA; 5, acetate; 6, lactate. Reduction of NAA in ischemic stroke can result in the
suppression of NAA synthesis, acceleration of NAA catabolism, release into
blood of the derivatives, and further metabolism (d,e).
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to 15% may be reversible in the acute stage of ce-
rebral ischemia.

Longitudinal studies: perpetual NAA attenuation
against temporary restoration of ADC
NAA levels decline at an almost linear rate over

time from the onset of ischemia. This time-depend-
ent decline distinguishes NAA as a useful biomark-
er for the imaging of acute-stage ischemic stroke.
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degree of NAA reduction and the time from onset.59
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blood flow and initial plasma glucose concentra-
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between NAA and ADC is often observed is the
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lution of the ischemia within several hours of reper-
fusion; however, the area re-emerged several hours
later on DWI and became infarcted within 24 hours.
We tested the chronological changes in NAA levels
in a rat model of focal ischemia using 90-min MCA
occlusion.91 Though ADC was restored to the nor-
mal range within one hour of reperfusion in the part
of ischemic temporal cortex and lateral basal gan-
glia in which ischemic insult should be mild, NAA
levels continued to show a decline in the same area
(Fig. 6). The mechanism of NAA attenuation de-
spite ADC resolution has not been solved in detail.
However, one clue may be found in reports suggest-
ing that energy restoration after recirculation could
re-establish membrane potential (which is main-
tained by Na+/K+ ATP pump activity) to a margin-
ally survivable level following ischemic insult and
thereby normalize DWI. Nevertheless, energy pro-
duction following reperfusion may not be sufficient
to maintain other energy-dependent mechanisms,
such as NAA synthesis, protein synthesis,92 and
DNA repair via poly(ADP-ribose) polymerase
(PARP),93 at a level sufficient to ensure long-term
cell survival.

Fig. 6. Chronological changes of proton magnetic resonance spectroscopy (1H-
MRS), apparent diffusion coefficient (ADC) map, and regional cerebral blood
flow (rCBF) map before, during, and after short-term focal ischemia.92 ADC re-
stored at one hour after recirculation, but N-acetylaspartate (NAA) demonstrated
continuous attenuation after the induction of ischemia. Open square delineates the
region of interest for magnetic resonance spectroscopy (MRS).
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ture is altered by Na+/K+ ATP pump failure, which
may only reflect an indirect disruption of energy
metabolism. On the other hand, a reduction of NAA
directly reflects metabolic changes, specifically en-
ergy failure, in brain tissue during acute-stage is-
chemia. Based on that difference, we can expect
NAA levels to reflect the condition of the ischemic
area more sensibly than ADC. However, because
NAA metabolism is comparatively slow, the delin-
eation of the ischemic lesion based on NAA attenu-
ation relating to metabolic energy failure lags be-
hind the reduction of ADC. In clinical cases of
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mic attack (TIA), NAA was observed to attenuate
about 10 to 15% in the acute stage, which recovered
in 12 to 18 months after the incidents.81 Only the
report of a case with occlusion of the brachioce-
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in the acute stage of ischemia, with the ratio of
NAA to Cr attenuated 10% at the initial measure-
ment normalized after recanalization.82 Though a
larger study is warranted for confirmation, these re-
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and its derivatives (d,e). Proton MRS (1H-MRS) (a, dashed line), fitted curve (a,
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(arrow), but a suspected aspartate peak (2.8 ppm) was absent (arrowhead). 1, total
choline compounds (tCho); 2, creatine and phosphocreatine (Cr); 3, glutamate; 4,
NAA; 5, acetate; 6, lactate. Reduction of NAA in ischemic stroke can result in the
suppression of NAA synthesis, acceleration of NAA catabolism, release into
blood of the derivatives, and further metabolism (d,e).
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Conclusion

Direct reflection of energy metabolism and near-
linear time-dependency during acute-stage cerebral
ischemia make NAA a unique biomarker for the
clinical assessment of ischemic stroke. Despite the
challenges remaining for the application of MRS(I)
in the daily clinical setting, the levels of NAA with
those of lactate measured in the CNS can provide
one of the most promising biomarkers available for
the assessment of pathophysiological changes that
occur during acute-stage ischemic stroke.
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In our previous report, we found that the plasma
desmosterol-to-cholesterol ratio (DES/CHO) is significantly
decreased in Caucasian patients with AD and subjects with
mild cognitive impairment (MCI) [7]. Desmosterol is the
most abundant precursor but rarely exceeds 1% of total brain
sterols because the conversion from desmosterol to choles-
terol is tightly regulated by the enzyme 3-hydroxysterol
24-reductase (DHCR24) [8]. A substantially higher desmos-
terol concentration in the hippocampus could be attributed to
neurogenesis and synaptic plasticity that take place in the
adult dentate gyrus [9]. Conversely, a decrease in desmos-
terol level in the hippocampus could at least in part correlate
with the reduced number of progenitor cells differentiating
into neurons [10]. These reports suggest an important role
of desmosterol in the brain.

With this background, we here measured plasma DES/
CHO of samples from a large Japanese cohort to extend
our previous result that plasmaDES/CHO is decreased in pa-
tients with AD in a different ethnic group. Furthermore, we

performed longitudinal studies to determine the association
between plasma DES/CHO and cognitive decline in patients
with AD over time.

2. Materials and methods

2.1. Subjects

For cross-sectional analysis, plasma samples of 200 pa-
tients with AD and 201 age-matched cognitively normal
elderly individuals (older than 65 years) were collected
from seven clinical institutions in Japan (Table 1). The diag-
nosis of AD was made on the basis of the criteria of the Na-
tional Institute of Neurological and Communicative
Diseases and the Stroke–Alzheimer’s Disease and Related
Disorders Association [11]. Each participant was asked to
complete the Mini-Mental State Examination (MMSE)
[12]. APOE genotyping was performed as previously re-
ported [13].

For longitudinal analysis, we used 17 subjects with AD
(Japanese longitudinal cohort collected at Niigata University
Hospital) and 28 subjects (Swedish longitudinal cohort con-
sisting of 6 control, 12 MCI, and 10 AD subjects collected at
Uppsala University Hospital), whose blood was drawn at
two different time points (Table 2). Additional longitudinal
plasma samples of 30 subjects at least at 3 different time
points were obtained from Uppsala University Hospital
(AD, n 5 6; MCI, n 5 6; control, n 5 2) or purchased
from PrecisionMed, Inc. (AD, n 5 12; control, n 5 4)
(San Diego, CA, USA). The criteria of Petersen et al.
[14,15] were used for the diagnosis of MCI. To be
considered as having MCI, the patients had to be free of
significant underlying medical, neurologic, or psychiatric
illness and meet the following criteria: (1) subjective
memory complaint, (2) objective signs of decline in any
cognitive domain, (3) intact activities of daily living, and
(4) clinical features not fulfilling the DSM-IV/ICD-10
criteria for dementia [16]. The two AD/MCI groups with
slow and rapid progression were classified on the basis of

Table 1

Demographic characteristics of AD patients and age-matched cognitively

normal controls in the Japanese cross-sectional cohort

Variable Control (n 5 201) AD (n 5 200)

Female (%) 72 75

Age, mean (SD)

Age at examination (y) 77.6 (4.7) 77.6 (5.4)

Age at onset (y) n/a 73.5 (5.0)

MMSE, mean (SD) 28.7 (1.5) 17.0 (5.2)**

APOE genotype

2*3 15 6

2*4 2 1

3*3 151 71

3*4 32 99

4*4 1 23

DES/CHO (1026), mean (SD) 456 (119) 357 (134)**

Abbreviations: AD, Alzheimer’s disease; n/a, not available; MMSE,

Mini-Mental State Examination; DES/CHO, desmosterol-to-cholesterol

ratio.

**P , .01.

Table 2

Demographic characteristics of subjects in the longitudinal study

Variable

Japanese cohort,

AD (n 5 17)

Swedish cohort
Combined cohort,

MCI/AD (n 5 39)Control (n 5 6) MCI (n 5 12) AD (n 5 10)

Female (%) 71 75 33 30 56

Age, mean (SD) 68 (8) 67 (9) 62 (8) 66 (10) 66 (9)

Follow-up time, y, mean (SD) 2.0 (1.0) 2.7 (0.8) 1.8 (0.9) 2.2 (0.9) 2.1 (1.0)

MMSE, mean (SD)

Baseline 20 (5) 30 (1) 28 (2) 25 (3) 24 (6)

Follow-up 16 (7) 30 (0) 28 (2) 22 (3) 21 (7)

DMMSE 24 (4)** 0 (1) 0 (2) 23 (3)* 22 (4)**

DES/CHO (1026), mean (SD)

Baseline 329 (103) 654 (146) 660 (200) 556 (232) 489 (225)

Follow-up 290 (79) 661 (130) 607 (237) 487 (276) 438 (237)

% Change 210 (14)* 1.7 (5.1) 28.3 (21) 218 (27) 211 (20)**

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; DES/CHO, desmosterol-to-cholesterol

ratio.

*P , .05, **P , .01.
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Abstract Background: We here examined whether plasma desmosterol-to-cholesterol ratio (DES/CHO) is
decreased in patients with Alzheimer’s disease (AD) and investigated the association between plasma
DES/CHO and longitudinal cognitive decline.
Methods: Plasma DES/CHO of AD patients and age-matched controls in a Japanese cross-sectional
cohort was determined. Plasma DES/CHO at baseline and follow-up visits was assessed in relation to
cognitive decline in Japanese and Swedish longitudinal cohorts.
Results: Plasma DES/CHO was significantly reduced in Japanese AD patients and significantly
correlated with Mini-Mental State Examination (MMSE) score. The longitudinal analysis revealed
that plasma DES/CHO in AD patients shows a significant decrease at follow-up intervals. The decline
in plasma DES/CHO is larger in the AD group with rapid progression than in that with slow progres-
sion. The changes in plasma DES/CHO significantly correlated with changes in the MMSE score.
Conclusion: Plasma DES/CHO is decreased in AD patients and may serve as a longitudinal surro-
gate marker associated with cognitive decline.
� 2015 The Alzheimer’s Association. Published by Elsevier Inc. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alzheimer’s disease (AD) is one of the most common and
debilitating neurodegenerative disorders of the aging popula-
tion. AD manifests itself as a progressive decline in memory
accompanied by other cognitive and functional disabilities
[1]. From the viewpoint of clinical practice and therapeutic
clinical trials in AD, biomarkers are becoming increasingly
important particularly when disease-modifying drugs will
become available. Numerous studies have shown that tau,
phosphorylated tau, and amyloid-b (Ab) 42 in cerebrospinal

fluid (CSF) are reliable biomarkers for AD diagnosis [2–4].
However, the CSF examination of AD patients has not been
broadly applied in general clinical practice because lumbar
puncture to obtain CSF is relatively invasive and time
consuming. Moreover, these CSF markers do not seem to
be associated with longitudinal cognitive decline in
patients with AD [5]. Thus, there is a compelling need to
establish a noninvasive biomarker for AD that follows the
disease progression. Efforts to find reliable blood-based bio-
markers for AD have met with little success [6]. Several re-
ports have been published describing altered levels of
proteins, peptides, or metabolites in patients with AD, but
those blood-based biomarkers have proven difficult to repli-
cate in independent studies [6], highlighting the importance
of multiple validations.
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In our previous report, we found that the plasma
desmosterol-to-cholesterol ratio (DES/CHO) is significantly
decreased in Caucasian patients with AD and subjects with
mild cognitive impairment (MCI) [7]. Desmosterol is the
most abundant precursor but rarely exceeds 1% of total brain
sterols because the conversion from desmosterol to choles-
terol is tightly regulated by the enzyme 3-hydroxysterol
24-reductase (DHCR24) [8]. A substantially higher desmos-
terol concentration in the hippocampus could be attributed to
neurogenesis and synaptic plasticity that take place in the
adult dentate gyrus [9]. Conversely, a decrease in desmos-
terol level in the hippocampus could at least in part correlate
with the reduced number of progenitor cells differentiating
into neurons [10]. These reports suggest an important role
of desmosterol in the brain.

With this background, we here measured plasma DES/
CHO of samples from a large Japanese cohort to extend
our previous result that plasmaDES/CHO is decreased in pa-
tients with AD in a different ethnic group. Furthermore, we

performed longitudinal studies to determine the association
between plasma DES/CHO and cognitive decline in patients
with AD over time.

2. Materials and methods

2.1. Subjects

For cross-sectional analysis, plasma samples of 200 pa-
tients with AD and 201 age-matched cognitively normal
elderly individuals (older than 65 years) were collected
from seven clinical institutions in Japan (Table 1). The diag-
nosis of AD was made on the basis of the criteria of the Na-
tional Institute of Neurological and Communicative
Diseases and the Stroke–Alzheimer’s Disease and Related
Disorders Association [11]. Each participant was asked to
complete the Mini-Mental State Examination (MMSE)
[12]. APOE genotyping was performed as previously re-
ported [13].

For longitudinal analysis, we used 17 subjects with AD
(Japanese longitudinal cohort collected at Niigata University
Hospital) and 28 subjects (Swedish longitudinal cohort con-
sisting of 6 control, 12 MCI, and 10 AD subjects collected at
Uppsala University Hospital), whose blood was drawn at
two different time points (Table 2). Additional longitudinal
plasma samples of 30 subjects at least at 3 different time
points were obtained from Uppsala University Hospital
(AD, n 5 6; MCI, n 5 6; control, n 5 2) or purchased
from PrecisionMed, Inc. (AD, n 5 12; control, n 5 4)
(San Diego, CA, USA). The criteria of Petersen et al.
[14,15] were used for the diagnosis of MCI. To be
considered as having MCI, the patients had to be free of
significant underlying medical, neurologic, or psychiatric
illness and meet the following criteria: (1) subjective
memory complaint, (2) objective signs of decline in any
cognitive domain, (3) intact activities of daily living, and
(4) clinical features not fulfilling the DSM-IV/ICD-10
criteria for dementia [16]. The two AD/MCI groups with
slow and rapid progression were classified on the basis of

Table 1

Demographic characteristics of AD patients and age-matched cognitively

normal controls in the Japanese cross-sectional cohort

Variable Control (n 5 201) AD (n 5 200)

Female (%) 72 75

Age, mean (SD)

Age at examination (y) 77.6 (4.7) 77.6 (5.4)

Age at onset (y) n/a 73.5 (5.0)

MMSE, mean (SD) 28.7 (1.5) 17.0 (5.2)**

APOE genotype

2*3 15 6

2*4 2 1

3*3 151 71

3*4 32 99

4*4 1 23

DES/CHO (1026), mean (SD) 456 (119) 357 (134)**

Abbreviations: AD, Alzheimer’s disease; n/a, not available; MMSE,

Mini-Mental State Examination; DES/CHO, desmosterol-to-cholesterol

ratio.

**P , .01.

Table 2

Demographic characteristics of subjects in the longitudinal study

Variable

Japanese cohort,

AD (n 5 17)

Swedish cohort
Combined cohort,

MCI/AD (n 5 39)Control (n 5 6) MCI (n 5 12) AD (n 5 10)

Female (%) 71 75 33 30 56

Age, mean (SD) 68 (8) 67 (9) 62 (8) 66 (10) 66 (9)

Follow-up time, y, mean (SD) 2.0 (1.0) 2.7 (0.8) 1.8 (0.9) 2.2 (0.9) 2.1 (1.0)

MMSE, mean (SD)

Baseline 20 (5) 30 (1) 28 (2) 25 (3) 24 (6)

Follow-up 16 (7) 30 (0) 28 (2) 22 (3) 21 (7)

DMMSE 24 (4)** 0 (1) 0 (2) 23 (3)* 22 (4)**

DES/CHO (1026), mean (SD)

Baseline 329 (103) 654 (146) 660 (200) 556 (232) 489 (225)

Follow-up 290 (79) 661 (130) 607 (237) 487 (276) 438 (237)

% Change 210 (14)* 1.7 (5.1) 28.3 (21) 218 (27) 211 (20)**

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; DES/CHO, desmosterol-to-cholesterol

ratio.

*P , .05, **P , .01.

Y. Sato et al. / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 1 (2015) 67–7468

Reduced plasma desmosterol-to-cholesterol ratio and longitudinal
cognitive decline in Alzheimer’s disease

Yoshiaki Satoa, Francois Berniera, Yasukazu Yamanakab, Ken Aoshimaa, Yoshiya Odac,
Martin Ingelssond, Lars Lannfeltd, Akinori Miyashitae, Ryozo Kuwanoe, Takeshi Ikeuchie,*

aEisai Co., Ltd., Tsukuba, Ibaraki, Japan
bEIDIA Co., Ltd., Inashiki-gun, Ibaraki, Japan

cEisai Inc., Andover, MA, USA
dGeriatrics, Department of Public Health and Caring Sciences, Uppsala University, Uppsala, Sweden

eDepartment of Molecular Genetics, Brain Research Institute, Niigata University, Niigata, Japan

Abstract Background: We here examined whether plasma desmosterol-to-cholesterol ratio (DES/CHO) is
decreased in patients with Alzheimer’s disease (AD) and investigated the association between plasma
DES/CHO and longitudinal cognitive decline.
Methods: Plasma DES/CHO of AD patients and age-matched controls in a Japanese cross-sectional
cohort was determined. Plasma DES/CHO at baseline and follow-up visits was assessed in relation to
cognitive decline in Japanese and Swedish longitudinal cohorts.
Results: Plasma DES/CHO was significantly reduced in Japanese AD patients and significantly
correlated with Mini-Mental State Examination (MMSE) score. The longitudinal analysis revealed
that plasma DES/CHO in AD patients shows a significant decrease at follow-up intervals. The decline
in plasma DES/CHO is larger in the AD group with rapid progression than in that with slow progres-
sion. The changes in plasma DES/CHO significantly correlated with changes in the MMSE score.
Conclusion: Plasma DES/CHO is decreased in AD patients and may serve as a longitudinal surro-
gate marker associated with cognitive decline.
� 2015 The Alzheimer’s Association. Published by Elsevier Inc. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alzheimer’s disease (AD) is one of the most common and
debilitating neurodegenerative disorders of the aging popula-
tion. AD manifests itself as a progressive decline in memory
accompanied by other cognitive and functional disabilities
[1]. From the viewpoint of clinical practice and therapeutic
clinical trials in AD, biomarkers are becoming increasingly
important particularly when disease-modifying drugs will
become available. Numerous studies have shown that tau,
phosphorylated tau, and amyloid-b (Ab) 42 in cerebrospinal

fluid (CSF) are reliable biomarkers for AD diagnosis [2–4].
However, the CSF examination of AD patients has not been
broadly applied in general clinical practice because lumbar
puncture to obtain CSF is relatively invasive and time
consuming. Moreover, these CSF markers do not seem to
be associated with longitudinal cognitive decline in
patients with AD [5]. Thus, there is a compelling need to
establish a noninvasive biomarker for AD that follows the
disease progression. Efforts to find reliable blood-based bio-
markers for AD have met with little success [6]. Several re-
ports have been published describing altered levels of
proteins, peptides, or metabolites in patients with AD, but
those blood-based biomarkers have proven difficult to repli-
cate in independent studies [6], highlighting the importance
of multiple validations.
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carried out to see the difference in the individual values be-
tween baseline and follow-up visits. The statistical signifi-
cance was set at P , .05.

3. Results

3.1. Cross-sectional study of plasma desmosterol

The characteristics of the AD and age-matched control
subjects included in this cross-sectional study are listed in
Table 1. A significant decline in plasma DES/CHO was
observed in patients with AD compared with control sub-
jects (P , .01; Fig. 1A). The decline in plasma DES/CHO
in AD patients was significant regardless of gender or
APOE ε4 status (Fig. 1B and C). There was a significant
decline in plasma DES/CHO in AD patients with both the
APOE ε3/3 and ε3/4 genotypes (data not shown; see
Supplementary Fig. 1A and B for review). Plasma DES/

CHO of female subjects in both the AD and control groups
was significantly lower than that of male subjects (Fig. 1B,
P , .01). No significant correlation of plasma DES/CHO
with age was observed (data not shown). A significant corre-
lation between plasma DES/CHO and MMSE score in both
males and females was observed (data not shown; see
Supplementary Fig. 1C and D). We divided subjects of this
cohort into four MMSE score groups: high MMSE score
(30 S MMSE S 26), middle MMSE score (25 S MMSE
S 20), low MMSE score (19 S MMSE S 10), and very
low MMSE score (9 S MMSE S 0). We then compared
DES/CHO among these groups. A significant difference be-
tween the high MMSE score group and the other MMSE
score groups was observed (Fig. 1D). The linear trend anal-
ysis revealed that there was also a significant change
showing that groups with lower MMSE scores had lower
DES/CHO (trend t test: P , .01).

Fig. 2. Change in plasma DES/CHO between baseline and follow-up visits. AD/MCI subjects were classified into two groups, namely, those with slow pro-

gression (A, D, G) and those with rapid progression (B, E, H) on the basis of the mean DMMSE between baseline and follow-up visits in a Japanese cohort

(A–C), a Swedish cohort (D–F), and a combined cohort (G–I). Plasma DES/CHO remains stable in the group with slow progression (A, D, G), whereas in

the group with rapid progression, a significant decline over time was found (B, E, H). The change in plasma DES/CHO was significantly larger in the group

with rapid progression than in the group with slow progression (C, F, I). *P , .05; **P , .01.
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the mean change in MMSE score (change from the baseline)
as threshold. Written informed consent was obtained from
each of the participants (or the respective legal guardian);
the study was approved by the appropriate university, hospi-
tal, and company institutional ethics committees.

2.2. Blood sampling and laboratory measurement

Peripheral blood samples were obtained from each partic-
ipant using the commercially available blood collection
tubes (Terumo Venoject for Japanese cohort and BD Vacu-
tainer for Swedish cohort) containing EDTA as the anticoag-
ulant. Plasma was separated by centrifugation at 1500 g for
15 minutes at room temperature before being aliquoted and
stored at 280�C until analysis.

The concentrations of desmosterol and cholesterol were
measured with a liquid chromatography mass spectrometer
(LC/MS), as described previously [7]. Briefly, 25 mL of
plasma was spiked with cholesterol-25,26,26,26,27,27,27-
D7 and desmosterol-26,26,26,27,27,27-D6 as internal stan-
dards. Fifty percent potassium hydroxide was then added
to the solution, which was then mixed thoroughly and incu-

bated at 70�C for 60 minutes. After the incubation, 2 mL of
hexane and 0.5 mL of phosphate-buffered saline (pH 6.8)
were added and mixed well. The solution was centrifuged
for 10 minutes at 2000 g, and the upper organic phase was
transferred to a new tube. The lower layer was extracted
with an additional 1 mL of hexane, which was also added
to the organic-phase extract. The solvents were evaporated
to dryness under a nitrogen gas stream at 40�C, and the ob-
tained pellet was reconstituted in ethanol and the resulting
solution was subjected to liquid chromatography/atomo-
spheric pressure chemical ionization-mass spectrometer
analysis as described previously [7].

2.3. Statistical analysis

Values are shown as mean6 standard deviation. Correla-
tions between different variables were assessed using the
Pearson correlation coefficient on log-transformed data.
The t test or analysis of variance was carried out to determine
differences between two or more groups. Nonparametric
tests (Mann-Whitney U test) were carried out when the vari-
ables were not normally distributed. The paired t test was

Fig. 1. Decreased plasmaDES/CHO in patients with AD. (A) Comparison of plasma desmosterol-to-cholesterol ratio (DES/CHO) between 201 control and 200

AD subjects from a large Japanese cohort. (B) Comparison of plasma DES/CHO among male control (M_Cont), female control (F_Cont), male AD (M_AD),

and female AD (F_AD) subjects. (C) Comparison of plasmaDES/CHObetween control subjects withoutAPOE ε4 (nonE4_Cont) and withAPOE ε4 (E4_Cont),
and AD patients without APOE ε4 (nonE4_AD) and with APOE ε4 (E4_AD). (D) Comparison of plasma DES/CHO among groups classified as MMSE groups.

*P , .05; **P , .01.
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carried out to see the difference in the individual values be-
tween baseline and follow-up visits. The statistical signifi-
cance was set at P , .05.

3. Results

3.1. Cross-sectional study of plasma desmosterol

The characteristics of the AD and age-matched control
subjects included in this cross-sectional study are listed in
Table 1. A significant decline in plasma DES/CHO was
observed in patients with AD compared with control sub-
jects (P , .01; Fig. 1A). The decline in plasma DES/CHO
in AD patients was significant regardless of gender or
APOE ε4 status (Fig. 1B and C). There was a significant
decline in plasma DES/CHO in AD patients with both the
APOE ε3/3 and ε3/4 genotypes (data not shown; see
Supplementary Fig. 1A and B for review). Plasma DES/

CHO of female subjects in both the AD and control groups
was significantly lower than that of male subjects (Fig. 1B,
P , .01). No significant correlation of plasma DES/CHO
with age was observed (data not shown). A significant corre-
lation between plasma DES/CHO and MMSE score in both
males and females was observed (data not shown; see
Supplementary Fig. 1C and D). We divided subjects of this
cohort into four MMSE score groups: high MMSE score
(30 S MMSE S 26), middle MMSE score (25 S MMSE
S 20), low MMSE score (19 S MMSE S 10), and very
low MMSE score (9 S MMSE S 0). We then compared
DES/CHO among these groups. A significant difference be-
tween the high MMSE score group and the other MMSE
score groups was observed (Fig. 1D). The linear trend anal-
ysis revealed that there was also a significant change
showing that groups with lower MMSE scores had lower
DES/CHO (trend t test: P , .01).

Fig. 2. Change in plasma DES/CHO between baseline and follow-up visits. AD/MCI subjects were classified into two groups, namely, those with slow pro-

gression (A, D, G) and those with rapid progression (B, E, H) on the basis of the mean DMMSE between baseline and follow-up visits in a Japanese cohort

(A–C), a Swedish cohort (D–F), and a combined cohort (G–I). Plasma DES/CHO remains stable in the group with slow progression (A, D, G), whereas in

the group with rapid progression, a significant decline over time was found (B, E, H). The change in plasma DES/CHO was significantly larger in the group

with rapid progression than in the group with slow progression (C, F, I). *P , .05; **P , .01.
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the mean change in MMSE score (change from the baseline)
as threshold. Written informed consent was obtained from
each of the participants (or the respective legal guardian);
the study was approved by the appropriate university, hospi-
tal, and company institutional ethics committees.

2.2. Blood sampling and laboratory measurement

Peripheral blood samples were obtained from each partic-
ipant using the commercially available blood collection
tubes (Terumo Venoject for Japanese cohort and BD Vacu-
tainer for Swedish cohort) containing EDTA as the anticoag-
ulant. Plasma was separated by centrifugation at 1500 g for
15 minutes at room temperature before being aliquoted and
stored at 280�C until analysis.

The concentrations of desmosterol and cholesterol were
measured with a liquid chromatography mass spectrometer
(LC/MS), as described previously [7]. Briefly, 25 mL of
plasma was spiked with cholesterol-25,26,26,26,27,27,27-
D7 and desmosterol-26,26,26,27,27,27-D6 as internal stan-
dards. Fifty percent potassium hydroxide was then added
to the solution, which was then mixed thoroughly and incu-

bated at 70�C for 60 minutes. After the incubation, 2 mL of
hexane and 0.5 mL of phosphate-buffered saline (pH 6.8)
were added and mixed well. The solution was centrifuged
for 10 minutes at 2000 g, and the upper organic phase was
transferred to a new tube. The lower layer was extracted
with an additional 1 mL of hexane, which was also added
to the organic-phase extract. The solvents were evaporated
to dryness under a nitrogen gas stream at 40�C, and the ob-
tained pellet was reconstituted in ethanol and the resulting
solution was subjected to liquid chromatography/atomo-
spheric pressure chemical ionization-mass spectrometer
analysis as described previously [7].

2.3. Statistical analysis

Values are shown as mean6 standard deviation. Correla-
tions between different variables were assessed using the
Pearson correlation coefficient on log-transformed data.
The t test or analysis of variance was carried out to determine
differences between two or more groups. Nonparametric
tests (Mann-Whitney U test) were carried out when the vari-
ables were not normally distributed. The paired t test was

Fig. 1. Decreased plasmaDES/CHO in patients with AD. (A) Comparison of plasma desmosterol-to-cholesterol ratio (DES/CHO) between 201 control and 200

AD subjects from a large Japanese cohort. (B) Comparison of plasma DES/CHO among male control (M_Cont), female control (F_Cont), male AD (M_AD),

and female AD (F_AD) subjects. (C) Comparison of plasmaDES/CHObetween control subjects withoutAPOE ε4 (nonE4_Cont) and withAPOE ε4 (E4_Cont),
and AD patients without APOE ε4 (nonE4_AD) and with APOE ε4 (E4_AD). (D) Comparison of plasma DES/CHO among groups classified as MMSE groups.

*P , .05; **P , .01.
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every 6 months from the participants. There were 122 points
for blood collection, consisting of 30 baselines and 92
follow-ups. The correlation between the DMMSE and the
change in plasma DES/CHO (compared with baseline)
determined using all 92 follow-up points is shown in
Fig. 4. There was a significant correlation between the lon-
gitudinal DMMSE and the change in DES/CHO from the
baseline (P5 .01, r5 0.37). All the changes in MMSE score
and plasma DES/CHO in each of the participants are shown
(see Supplementary Fig. 2). In addition, AD patients showed
a significant decrease in plasma DES/CHO at follow-up in-
tervals (27.7 6 36.8%) compared with the control subjects
(6.4 6 12.3%) in this cohort (Fig. 3B).

4. Discussion

The present cross-sectional study using a Japanese cohort
was undertaken to replicate our previous finding that plasma
DES/CHO is decreased in Caucasian patients with AD. The
following points were confirmed in the present Japanese and
previously reported Caucasian cross-sectional cohorts: (1)
plasma DES/CHO was decreased in patients with AD in
comparison with control subjects, (2) the decrease in plasma
DES/CHO in AD patients was independent of gender and
APOE genotype, (3) female subjects tended to have a lower
plasma DES/CHO than male subjects, and (4) plasma DES/
CHO correlated significantly with the MMSE score. Taken
together, the results suggest that plasma DES/CHO may be
a potential diagnostic biomarker reflecting cognitive
dysfunction in AD patients.

Recently, Popp et al. [17] have reported that the plasma
desmosterol level does not change in AD patients. The
discrepancy in finding between that and the present study
may be explained by differences in the analytical methods
used to determine the concentration of desmosterol. We pre-
viously showed that the LC/MS method that we used in the
present study enables the purification of desmosterol in
plasma more efficiently than the gas chromatography
method used in the study by Popp et al. [7,17]. Thus, the
LC/MS method is likely to be more suitable for the
measurement of plasma desmosterol concentration.

Here, we determined for the first time the longitudinal
change in plasma DES/CHO and examined a possible asso-
ciation with concurrent cognitive decline in AD/MCI pa-
tients. Our results revealed (1) that plasma DES/CHO was
relatively stable over time in cognitively normal controls,
whereas it significantly decreased in AD patients; (2) a
more pronounced decline in plasma DES/CHO in the AD/
MCI group with rapid progression than in the group with
slow progression; and (3) that the longitudinal change in
plasma DES/CHO positively correlated with the change in
the MMSE score. These results suggest that the plasma
DES/CHO change is associated with the cognitive decline
in AD and might be used to monitor the progression of
cognitive decline in patients with AD. It will be interesting
to clarify the usefulness of monitoring plasma DES/CHO

as a surrogate marker for evaluating the effects of clinical
drug trials in patients with AD.

Our longitudinal study suggests that the plasmaDES/CHO
changes before the appearance of clinical symptoms, as deter-
mined byMMSE in some cases (see Supplementary Fig. 2 for
review; subjects A, C, and H). The result obtained from the
subject with MCI that converted to AD (see Supplementary
Fig. 2 for review; subject S) may suggest that plasma DES/
CHO is useful as a progressionmarker to monitor the conver-
sion from MCI to AD. In this connection, recent lipidomic
analysis showed that the quantification of several lipidmetab-
olites in plasma, such as phosphatidylcholine and acylcarni-
tine, is useful for predicting phenoconversion to amnestic
MCI or AD in cognitively normal subjects [18].

There is now accumulating evidence that cholesterol
metabolism may be relevant to the production and clearance
of Ab and thus to the Ab-related toxicity in the pathogenesis
of AD [19]. The strongest genetic risk factor for sporadic AD
is the ε4 allele of APOE, which encodes apolipoprotein E
(apoE), with a crucial role in cholesterol metabolism [20].
The presence of APOE ε4 may contribute to the pathologic
accumulation and deposition of cerebral Ab at early preclin-
ical disease stages [21]. A recent study has shown that CSF
apoE levels are decreased in patients with AD and that MCI
in subjects with a low CSF apoE level will more likely
convert to AD [22]. An interaction between APOE genotype
and plasma desmosterol level may be postulated because
desmosterol is the immediate precursor of cholesterol. How-
ever, the plasma desmosterol level was not clearly associated
with APOE genotype in this study.

It is of particular interest that the level of desmosterol in
the AD brain was found to be lower than that of control brain
[7,23]. It has been demonstrated that the levels of steroid
hormones (e.g., progesterone, pregnenolone, and 17aOH-
progesterone) that exhibit inhibitory activity against
DHCR24 are decreased in the AD brain, particularly in the
vicinity of plaques and neurofibrillary tangles [24]. Notably,
the concentration of desmosterol is 100-fold higher in the rat
brain than in the rat liver [25], which implies that most of the
desmosterol in the blood might originate from the brain.
Taken together, it could be speculated that brain desmosterol
level may decrease with an increase in DHCR24 activity in
the AD brain; this may subsequently result in a change in
plasma DES/CHO. The question of why plasma DES/CHO
decreases in patients with AD and is associated with longi-
tudinal cognitive decline in the course of the disease war-
rants further investigation.

Although our findings, using samples from cross-sectional
and longitudinal cohorts, are interesting, our study has some
limitations. We did not analyze the samples from other types
of dementia, including dementia with Lewy bodies, fronto-
temporal dementia, and vascular dementia. An additional
cross-sectional study that includes samples from other types
of dementia will be necessary. The number of samples from
longitudinal cohorts in this study is relatively small. Longitu-
dinal studies with a prospective design using a larger number
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3.2. Longitudinal analysis

Longitudinal plasma samples were collected from two
clinical institutes, namely, Niigata University Hospital (Jap-
anese cohort) and Uppsala University Hospital Memory
Clinic (Swedish cohort). Forty-seven participants composed
of 17 subjects in the Japanese cohort and 30 subjects in the
Swedish cohort were included, and the demographic charac-
teristics of these subjects are listed in Table 2. At baseline,
DES/CHO in Japanese AD patients was significantly lower
than that of Swedish AD patients (P , .01).

In the Japanese longitudinal cohort, the average change in
the MMSE score (DMMSE) between the baseline and
follow-up visits was 24 6 4 with a change in DES/CHO

of 210 6 14% (Table 2). Both MMSE score and plasma
DES/CHO significantly decreased between the two visits
in the Japanese cohort (paired t test, P, .05). In the Swedish
cohort, the MMSE score (236 3) decreased significantly in
AD patients between the baseline and follow-up visits
(P , .05). However, in this cohort, there was no significant
change in DES/CHO in both the AD patients and MCI sub-
jects (Table 2). In the combined AD/MCI cohort, MMSE
score (22 6 4) and plasma DES/CHO (211 6 20%)
decreased significantly between the two visits (Table 2).

Next, we divided the AD/MCI subjects into two groups,
namely, those with slow or rapid progression, on the basis
of their mean DMMSE in the Japanese (cutoff score, 24)
and Swedish cohorts (cutoff score, 22) and compared the
longitudinal change in plasma DES/CHO between groups
(Fig. 2). Although the AD/MCI group with slow progression
did not show any significant change in plasma DES/CHO
(Fig. 2A, D, and G), groups with rapid progression showed
a significant decrease in plasma DES/CHO between the
baseline and follow-up visits (Fig. 2B, E, and H). In addition,
the change in plasma DES/CHO was significantly larger in
the AD/MCI group with rapid progression than in the group
with slow progression in the Japanese, Swedish, and com-
bined cohorts (Fig. 2C, F, and I).

We further compared the longitudinal change in plasma
DES/CHO in control subjects and AD patients (Fig. 3).
The change in DES/CHO between the two visits was
212.8 6 19.7 in the AD patients, which was significantly
larger than that in the control subjects (1.7 6 5.3;
Fig. 3A). These results suggest that although plasma DES/
CHO in normal subjects remained stable, plasma DES/
CHO in AD patients tended to decline over time.

Finally, we performed another longitudinal study to
determine the association between plasma DES/CHO and
DMMSE in 30 participants, including 18 AD, 6 MCI, and
6 control subjects from either the Swedish cohort or from
PrecisionMed. Blood samples were collected every year or

Fig. 3. Comparison of longitudinal change in plasma DES/CHO between control and AD subjects. (A) Longitudinal changes in plasma DES/CHO at two

different points were compared between control subjects and AD patients from the combined cohort. *P , .05. (B) Longitudinal changes in plasma DES/

CHO at multiple points were compared between control subjects and AD patients from the Swedish cohort and a commercially available resource. **P, .01.

Fig. 4. Correlation between longitudinal changes in MMSE and plasma

DES/CHO (%) in AD patients, MCI patients, and normal subjects. There

were 122 points for blood collection, consisting of 30 baselines and 92

follow-ups (AD, 52 follow-ups; MCI, 13 follow-ups; and control, 27

follow-ups). There was a significant correlation between changes in

MMSE and plasma DES/CHO (r 5 0.37, P , .01).
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every 6 months from the participants. There were 122 points
for blood collection, consisting of 30 baselines and 92
follow-ups. The correlation between the DMMSE and the
change in plasma DES/CHO (compared with baseline)
determined using all 92 follow-up points is shown in
Fig. 4. There was a significant correlation between the lon-
gitudinal DMMSE and the change in DES/CHO from the
baseline (P5 .01, r5 0.37). All the changes in MMSE score
and plasma DES/CHO in each of the participants are shown
(see Supplementary Fig. 2). In addition, AD patients showed
a significant decrease in plasma DES/CHO at follow-up in-
tervals (27.7 6 36.8%) compared with the control subjects
(6.4 6 12.3%) in this cohort (Fig. 3B).

4. Discussion

The present cross-sectional study using a Japanese cohort
was undertaken to replicate our previous finding that plasma
DES/CHO is decreased in Caucasian patients with AD. The
following points were confirmed in the present Japanese and
previously reported Caucasian cross-sectional cohorts: (1)
plasma DES/CHO was decreased in patients with AD in
comparison with control subjects, (2) the decrease in plasma
DES/CHO in AD patients was independent of gender and
APOE genotype, (3) female subjects tended to have a lower
plasma DES/CHO than male subjects, and (4) plasma DES/
CHO correlated significantly with the MMSE score. Taken
together, the results suggest that plasma DES/CHO may be
a potential diagnostic biomarker reflecting cognitive
dysfunction in AD patients.

Recently, Popp et al. [17] have reported that the plasma
desmosterol level does not change in AD patients. The
discrepancy in finding between that and the present study
may be explained by differences in the analytical methods
used to determine the concentration of desmosterol. We pre-
viously showed that the LC/MS method that we used in the
present study enables the purification of desmosterol in
plasma more efficiently than the gas chromatography
method used in the study by Popp et al. [7,17]. Thus, the
LC/MS method is likely to be more suitable for the
measurement of plasma desmosterol concentration.

Here, we determined for the first time the longitudinal
change in plasma DES/CHO and examined a possible asso-
ciation with concurrent cognitive decline in AD/MCI pa-
tients. Our results revealed (1) that plasma DES/CHO was
relatively stable over time in cognitively normal controls,
whereas it significantly decreased in AD patients; (2) a
more pronounced decline in plasma DES/CHO in the AD/
MCI group with rapid progression than in the group with
slow progression; and (3) that the longitudinal change in
plasma DES/CHO positively correlated with the change in
the MMSE score. These results suggest that the plasma
DES/CHO change is associated with the cognitive decline
in AD and might be used to monitor the progression of
cognitive decline in patients with AD. It will be interesting
to clarify the usefulness of monitoring plasma DES/CHO

as a surrogate marker for evaluating the effects of clinical
drug trials in patients with AD.

Our longitudinal study suggests that the plasmaDES/CHO
changes before the appearance of clinical symptoms, as deter-
mined byMMSE in some cases (see Supplementary Fig. 2 for
review; subjects A, C, and H). The result obtained from the
subject with MCI that converted to AD (see Supplementary
Fig. 2 for review; subject S) may suggest that plasma DES/
CHO is useful as a progressionmarker to monitor the conver-
sion from MCI to AD. In this connection, recent lipidomic
analysis showed that the quantification of several lipidmetab-
olites in plasma, such as phosphatidylcholine and acylcarni-
tine, is useful for predicting phenoconversion to amnestic
MCI or AD in cognitively normal subjects [18].

There is now accumulating evidence that cholesterol
metabolism may be relevant to the production and clearance
of Ab and thus to the Ab-related toxicity in the pathogenesis
of AD [19]. The strongest genetic risk factor for sporadic AD
is the ε4 allele of APOE, which encodes apolipoprotein E
(apoE), with a crucial role in cholesterol metabolism [20].
The presence of APOE ε4 may contribute to the pathologic
accumulation and deposition of cerebral Ab at early preclin-
ical disease stages [21]. A recent study has shown that CSF
apoE levels are decreased in patients with AD and that MCI
in subjects with a low CSF apoE level will more likely
convert to AD [22]. An interaction between APOE genotype
and plasma desmosterol level may be postulated because
desmosterol is the immediate precursor of cholesterol. How-
ever, the plasma desmosterol level was not clearly associated
with APOE genotype in this study.

It is of particular interest that the level of desmosterol in
the AD brain was found to be lower than that of control brain
[7,23]. It has been demonstrated that the levels of steroid
hormones (e.g., progesterone, pregnenolone, and 17aOH-
progesterone) that exhibit inhibitory activity against
DHCR24 are decreased in the AD brain, particularly in the
vicinity of plaques and neurofibrillary tangles [24]. Notably,
the concentration of desmosterol is 100-fold higher in the rat
brain than in the rat liver [25], which implies that most of the
desmosterol in the blood might originate from the brain.
Taken together, it could be speculated that brain desmosterol
level may decrease with an increase in DHCR24 activity in
the AD brain; this may subsequently result in a change in
plasma DES/CHO. The question of why plasma DES/CHO
decreases in patients with AD and is associated with longi-
tudinal cognitive decline in the course of the disease war-
rants further investigation.

Although our findings, using samples from cross-sectional
and longitudinal cohorts, are interesting, our study has some
limitations. We did not analyze the samples from other types
of dementia, including dementia with Lewy bodies, fronto-
temporal dementia, and vascular dementia. An additional
cross-sectional study that includes samples from other types
of dementia will be necessary. The number of samples from
longitudinal cohorts in this study is relatively small. Longitu-
dinal studies with a prospective design using a larger number
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3.2. Longitudinal analysis

Longitudinal plasma samples were collected from two
clinical institutes, namely, Niigata University Hospital (Jap-
anese cohort) and Uppsala University Hospital Memory
Clinic (Swedish cohort). Forty-seven participants composed
of 17 subjects in the Japanese cohort and 30 subjects in the
Swedish cohort were included, and the demographic charac-
teristics of these subjects are listed in Table 2. At baseline,
DES/CHO in Japanese AD patients was significantly lower
than that of Swedish AD patients (P , .01).

In the Japanese longitudinal cohort, the average change in
the MMSE score (DMMSE) between the baseline and
follow-up visits was 24 6 4 with a change in DES/CHO

of 210 6 14% (Table 2). Both MMSE score and plasma
DES/CHO significantly decreased between the two visits
in the Japanese cohort (paired t test, P, .05). In the Swedish
cohort, the MMSE score (236 3) decreased significantly in
AD patients between the baseline and follow-up visits
(P , .05). However, in this cohort, there was no significant
change in DES/CHO in both the AD patients and MCI sub-
jects (Table 2). In the combined AD/MCI cohort, MMSE
score (22 6 4) and plasma DES/CHO (211 6 20%)
decreased significantly between the two visits (Table 2).

Next, we divided the AD/MCI subjects into two groups,
namely, those with slow or rapid progression, on the basis
of their mean DMMSE in the Japanese (cutoff score, 24)
and Swedish cohorts (cutoff score, 22) and compared the
longitudinal change in plasma DES/CHO between groups
(Fig. 2). Although the AD/MCI group with slow progression
did not show any significant change in plasma DES/CHO
(Fig. 2A, D, and G), groups with rapid progression showed
a significant decrease in plasma DES/CHO between the
baseline and follow-up visits (Fig. 2B, E, and H). In addition,
the change in plasma DES/CHO was significantly larger in
the AD/MCI group with rapid progression than in the group
with slow progression in the Japanese, Swedish, and com-
bined cohorts (Fig. 2C, F, and I).

We further compared the longitudinal change in plasma
DES/CHO in control subjects and AD patients (Fig. 3).
The change in DES/CHO between the two visits was
212.8 6 19.7 in the AD patients, which was significantly
larger than that in the control subjects (1.7 6 5.3;
Fig. 3A). These results suggest that although plasma DES/
CHO in normal subjects remained stable, plasma DES/
CHO in AD patients tended to decline over time.

Finally, we performed another longitudinal study to
determine the association between plasma DES/CHO and
DMMSE in 30 participants, including 18 AD, 6 MCI, and
6 control subjects from either the Swedish cohort or from
PrecisionMed. Blood samples were collected every year or

Fig. 3. Comparison of longitudinal change in plasma DES/CHO between control and AD subjects. (A) Longitudinal changes in plasma DES/CHO at two

different points were compared between control subjects and AD patients from the combined cohort. *P , .05. (B) Longitudinal changes in plasma DES/

CHO at multiple points were compared between control subjects and AD patients from the Swedish cohort and a commercially available resource. **P, .01.

Fig. 4. Correlation between longitudinal changes in MMSE and plasma

DES/CHO (%) in AD patients, MCI patients, and normal subjects. There

were 122 points for blood collection, consisting of 30 baselines and 92

follow-ups (AD, 52 follow-ups; MCI, 13 follow-ups; and control, 27

follow-ups). There was a significant correlation between changes in

MMSE and plasma DES/CHO (r 5 0.37, P , .01).
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of samples should be performed to confirm the utility of
plasma DES/CHO as a longitudinal biomarker. Moreover, it
is important to understand how early plasmaDES/CHO starts
to decline using longitudinal samples from asymptomaticAD
subjects with amyloid deposition confirmed by amyloid-
positron emission tomography imaging. Although our find-
ings need to be validated in independent cohorts, our data
suggest that the use of plasma desmosterol as a blood
biomarker can be useful in the diagnosis of AD and also in
monitoring disease progression.
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RESEARCH IN CONTEXT

1. Systemic review: There is a compelling need to
establish blood-based biomarker to diagnose Alz-
heimer’s disease (AD) and monitor the disease pro-
gression. A previous study reported that plasma
desmosterol-to-cholesterol ratio (DES/CHO) is
significantly decreased in Caucasian patients
with AD.

2. Interpretation: We found that plasma DES/CHO was
significantly reduced in Japanese AD patients. The
longitudinal study revealed (1) that plasma DES/
CHO was relatively stable in normal controls,
whereas it significantly decreased in AD patients;
(2) a more pronounced decline in plasma DES/
CHO in the AD/MCI group with rapid progression
than in that with slow progression; and (3) that the
longitudinal change in plasma DES/CHO positively
correlated with the change in MMSE score.

3. Future directions: A future cross-sectional study that
includes samples from other types of dementia and
longitudinal studies with a prospective design using a
larger number of samples need to be performed to
confirm the utility of plasma DES/CHO.
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of samples should be performed to confirm the utility of
plasma DES/CHO as a longitudinal biomarker. Moreover, it
is important to understand how early plasmaDES/CHO starts
to decline using longitudinal samples from asymptomaticAD
subjects with amyloid deposition confirmed by amyloid-
positron emission tomography imaging. Although our find-
ings need to be validated in independent cohorts, our data
suggest that the use of plasma desmosterol as a blood
biomarker can be useful in the diagnosis of AD and also in
monitoring disease progression.
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Figure legend for Supplementary Fig. 2:  
Changes in plasma DES/CHO and MMSE scores in AD patients (A-R), MCI subjects (S-
X), and normal subjects (Y-IV). The longitudinal change in plasma DES/CHO (red line) 
was compared with the baseline value. Longitudinal MMSE scores are shown in blue. 
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Figure legend for Supplementary Fig. 2:  
Changes in plasma DES/CHO and MMSE scores in AD patients (A-R), MCI subjects (S-
X), and normal subjects (Y-IV). The longitudinal change in plasma DES/CHO (red line) 
was compared with the baseline value. Longitudinal MMSE scores are shown in blue. 
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Systematic review and meta-analysis of Japanese
familial Alzheimer’s disease and FTDP-17
Kensaku Kasuga1,2,6, Masataka Kikuchi1,3,6, Takayoshi Tokutake4, Akihiro Nakaya1,5, Toshiyuki Tezuka4,
Tamao Tsukie1,3, Norikazu Hara1, Akinori Miyashita1, Ryozo Kuwano1 and Takeshi Ikeuchi1

Mutations in APP, PSEN1 and PSEN2 as the genetic causes of familial Alzheimer’s disease (FAD) have been found in various
ethnic populations. A substantial number of FAD pedigrees with mutations have been reported in the Japanese population;
however, it remains unclear whether the genetic and clinical features of FAD in the Japanese population differ from those in
other populations. To address this issue, we conducted a systematic review and meta-analysis of Japanese FAD and
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) by literature search. Using this analysis, we
identified 39 different PSEN1 mutations in 140 patients, 5 APP mutations in 35 patients and 16 MAPT mutations in 84
patients. There was no PSEN2 mutation among Japanese patients. The age at onset in Japanese FAD patients with PSEN1
mutations was significantly younger than that in patients with APP mutations. Kaplan–Meier analysis revealed that patients with
MAPT mutations showed a shorter survival than patients with PSEN1 or APP mutations. Patients with mutations in different
genes exhibit characteristic clinical presentations, suggesting that mutations in causative genes may modify the clinical
presentations. By collecting and cataloging genetic and clinical information on Japanese FAD and FTDP-17, we developed
an original database designated as Japanese Familial Alzheimer's Disease Database, which is accessible at http://alzdb.bri.
niigata-u.ac.jp/.
Journal of Human Genetics (2015) 60, 281–283; doi:10.1038/jhg.2015.15; published online 19 February 2015

Mutations in APP, PSEN1 and PSEN2 as the genetic causes of familial
Alzheimer’s disease (FAD) have been found in various ethnic
populations.1,2 In addition, patients with mutations in MAPT asso-
ciated with frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17) have been shown to exhibit Alzheimer’s
disease (AD)-like phenotypes.3,4 Although a substantial number of
FAD pedigrees have been reported in Japan, it is not yet clear whether
the genetic and clinical features of FAD in the Japanese population
differ from those in other ethnic populations. To characterize the
genetic and clinical features of Japanese FAD and FTDP-17, we here
performed a systematic review and meta-analysis, and developed an
original database of Japanese FAD and FTDP-17.
To comprehensively review the previously reported Japanese FAD

and FTDP-17 cases, we performed a systematic search for publications
in PubMed and Ichushi, a bibliographic database of medical literature
in Japanese. The terms ‘familial Alzheimer’, ‘familial AD’, ‘FTDP-17’,
‘presenilin’, ‘PSEN1’, ‘PSEN2’, ‘APP’ and ‘MAPT’ were used to search
in PubMed, and the equivalent terms in Japanese were used to search
in Ichushi. From the literature searches we found 60 English and 29
Japanese articles and/or abstracts that reported on Japanese FAD and
FTDP-17 pedigrees bearing the causative mutations (Supplementary

Table 1). Using the information obtained by the systematic literature
review, we developed an original database for Japanese FAD and
FTDP-17 designated as Japanese Familial Alzheimer's Disease database
(JFADdb). In the database, each of the mutations in APP, PSEN1/2,
MAPT and GRN was described in accordance with the reference
sequences.5 Information on age at onset, clinical manifestations,
age at death and APOE genotype were included in the database
(Supplementary Figure 1).
We identified 39 different PSEN1 mutations in 140 patients, 5 APP

mutations in 35 patients and 16 MAPT mutations in 84 patients
(Table 1). Among them, 10 PSEN1 mutations, 5 APP mutations and
11 MAPT mutations were not included in the well-known Alzheimer
Disease and Frontotemporal Dementia Mutation database (http://
www.molgen.ua.ac.be/ADMutations/).6 No PSEN2 mutation has been
found in Japanese FAD. The frequency of mutated genes in FAD
patients in the Japanese population was not significantly different from
those in other populations (χ2, P= 0.99).6 Most FAD pedigrees show
autosomal dominant inheritance; however, an APP ΔE693 mutation
was responsible for a recessively inherited FAD.7 Sporadic occurrences
of mutations were observed: five patients with PSEN1 mutations, one
patient with APP mutation and two patients with MAPT mutations.
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In our analysis, the majority of mutations (73%) was observed in a
single small pedigree. Considering that novel mutations in FAD tend
to be reported rapidly, note that there may be publication bias in the
frequency of mutations in the database. Although rare, there were two
GRN mutations in patients with primary progressive aphasia and
frontotemporal lobar degeneration (FTLD).8 Because the number of
GRN mutations was too small, the patients with GRN mutations were
excluded from further meta-analysis.
The ages at onset were 44± 8 years (mean± s.d.) in patients with

PSEN1 mutations (n= 87), 54± 9 years in APP mutations (n= 23)
and 45± 10 years in MAPT mutations (n= 51). These ages at onset of
FAD in our analysis are consistent with those reported in other ethnic
populations.6,9 The age at onset in patients with APP mutations was
significantly older than those in patients with PSEN1 or MAPT
mutations (Figure 1a). The clinical phenotypes of patients with MAPT
mutations were classified into three subgroups: FTLD,10 AD-like3,4

and progressive supranuclear palsy (PSP) phenotypes.8 The age at
onset in patients with the FTLD or PSP phenotype was significantly
younger than that with the AD-like phenotype (Supplementary Figure
2). APOE genotypes did not significantly modify the age at onset in
patients with causative mutations (Supplementary Figure 3). There
was no significant difference in age at death among the patients with
mutations in the three genes (Figure 1b). The disease duration from
age at onset to death in patients with MAPT mutations was
significantly shorter than that with PSEN1 mutations (Figure 1c).
The survival of patients after the onset was analyzed by Kaplan–Meier
estimation, which revealed that patients with MAPT mutations
showed a shorter survival than patients with PSEN1 or APP mutations
(Supplementary Figure 4).
The clinical diagnosis of AD before the genetic testing was

performed in 96% of patients with PSEN1 mutations and 97% of
patients with APP mutations (Supplementary Table 2). Notably, only
57% of patients with MAPT mutations were clinically diagnosed as
having FTLD; 19% and 12% of patients with MAPT mutations
were clinically diagnosed as having AD and PSP, respectively
(Supplementary Table 2). This finding suggests that mutational
screening of clinically diagnosed FAD patients should not only include
APP and PSEN1/2 mutations but also include MAPT mutations.
We next analyzed the frequency of each of the clinical mani-

festations including psychiatric symptoms, mood disorders, spastic
paraparesis, parkinsonism and epilepsy/seizure (Figure 2). As expected,
the frequencies of psychiatric symptoms and parkinsonism were
significantly higher in patients with MAPT mutations. Spastic
paraparesis, which is a characteristic symptom of ‘variant AD with
cotton-wool plaque pathology’11,12 was observed in 15% of patients
with PSEN1 mutations, whereas none of the patients with APP
mutations exhibited spastic paraplegia. Epilepsy/seizure was described
in 8% of patients with PSEN1 and 6% of patients with APP mutations,

Table 1 Summary of genetic features of Japanese FAD and FTDP-17

Disease Genes

Number of

mutations

Number of

pedigrees

Number of

patients

FAD PSEN1 39 40 140

PSEN2 0 0 0

APP 5a 13 35

FTDP-17 MAPT 16 29 84

GRN 2 2 2

Abbreviations: FAD, familial Alzheimer’s disease; FTDP-17, frontotemporal dementia with
parkinsonism linked to chromosome 17.
aAPP duplication was included.
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Figure 1 Age at onset and death, and disease duration in Japanese FAD and
FTDP-17 patients. (a) Age at onset for patients grouped on the basis of
PSEN1, APP and MAPT mutations. The horizontal line in the box indicates
the median, the lower and upper boundaries of the box represent the lower
and upper quartile boundaries, respectively, and whiskers are 1.5 times the
interquartile range. Patients with PSEN1 and MAPT mutation showed
significantly younger age at onset than patients with APP mutations
(**Po0.01, ANOVA with post hoc Tukey’s test). (b) Age at death of three
groups with gene mutations. There was no significant difference in age at
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whereas none of the patients with MAPT mutations exhibited
epilepsy/seizure. Previous studies showed that the frequency of seizure
was relatively high in patients with early onset of AD,13,14 and low in
patients with MAPT mutations.15 These findings suggest that epilepsy/
seizure is closely associated with amyloid pathology, and that tauo-
pathy alone may not be sufficient to cause epilepsy. Taken together,
mutations in causative genes may modify the clinical presentations in
patients with familial dementia.
In summary, we have comprehensively collected, cataloged and

systematically meta-analyzed the data from currently available data on
Japanese FAD and FTDP-17. We made all the results publicly available
on the online database ‘JFADdb’. The database may provide informa-
tion useful for estimating the age at onset and the natural course of
disease in future preventive or therapeutic trials of Japanese FAD.
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a b s t r a c t

The formation of senile plaques composed of b-amyloid (Ab) in the brain is likely the initial event in
Alzheimer’s disease (AD). Possession of the APOE e4 allele, the strong genetic factor for AD, facilitates
the Ab deposition from the presymptomatic stage of AD in a gene-dosage-dependent manner. However,
the precise mechanism by which apoE isoforms differentially induce the AD pathology is largely
unknown. LR11/SorLA is a type I membrane protein that functions as the neuronal lipoprotein endocytic
receptor of apoE and the sorting receptor of the amyloid precursor protein (APP) to regulate amyloido-
genesis. Recently, LR11/SorLA has been reported to be involved in the lysosomal targeting of extracellular
amyloid-b (Ab) through the binding of Ab to the vacuolar protein sorting 10 (VPS10) protein domain of
LR11/SorLA. Here, we attempted to examine the human-apoE-isoform-dependent effect on the cellular
uptake of Ab through the formation of a complex between an apoE isoform and LR11/SorLA. Cell culture
experiments using Neuro2a cells revealed that the cellular uptake of secreted apoE3 and apoE4 was
enhanced by the overexpression of LR11/SorLA. In contrast, the cellular uptake of apoE2 was not affected
by the expression of LR11/SorLA. Co-immunoprecipitation assay revealed that apoE-isoform-dependent
differences were observed in the formation of an apoE-LR11 complex (apoE4 > apoE3 > apoE2). ApoE-
isoform-dependent differences in cellular uptake of FAM-labeled Ab were further investigated by cocul-
ture assay in which donor cells secrete one of the apoE isoforms and recipient cells express FL-LR11. The
cellular uptake of extracellular Ab into the recipient cells was most prominently accentuated when cocul-
tured with the donor cells secreting apoE4 in the medium, followed by apoE3 and apoE2. Taken together,
our results provide evidence for the mechanism whereby human-apoE-isoform-dependent differences
modulate the cellular uptake of Ab mediated by LR11/SorLA.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) has emerged as the most prevalent
form of dementia in adults. The cardinal pathological features of
AD brain are the loss of synapses and neurons as well as abnormal
accumulation of misfolded proteins such as b-amyloid (Ab) and

phosphorylated tau. The deposition of Ab in the brain is considered
to be the earliest event in AD [1] and is substantially affected by the
APOE genotype, which has been shown to be a strong genetic risk
factor for AD in various ethnic populations [2,3]. The presence of
the APOE e4 allele markedly increases the risk of developing AD
and decreases the age at onset by 10 to 15 years; in contrast, the
e2 allele confers protection against AD development [4,5]. Although
there have been numerous studies attempting to elucidate the
mechanism underlying the increase or decrease in the risk of AD
posed by different apoE isoforms [6], the exact mechanisms are still
not completely understood. Thus, to address the differential effects
of apoE isoforms on the amyloid pathology and Ab metabolism is
important in the elucidation of the AD pathogenic pathway.

LR11, also known as SorLA, is a type I membrane protein that
has homology to members of the LDL receptor family and vacuolar

http://dx.doi.org/10.1016/j.bbrc.2014.11.111
0006-291X/� 2014 Elsevier Inc. All rights reserved.

Abbreviations: AD, Alzheimer’s disease; Ab, amyloid-b; APP, amyloid precursor
protein; VPS10, vacuolar protein sorting 10; TACE, tumor necrosis factor-
a-converting enzyme; FL, full-length; CSF, cerebrospinal fluid; PCR, polymerase
chain reaction; GFP, green fluorescent protein; HEK, human embryonic kidney;
SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; co-IP,
coimmunoprecipitation.
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protein sorting 10 (VPS10) protein family. LR11/SorLA is predomi-
nantly expressed on neurons in the cerebral cortex and hippocam-
pus [7]. Reduced expression of LR11/SorLA in the brains of AD
patients and subjects with mild cognitive impairment has been
reported [8]. Furthermore, Ab deposition is more prominent in
LR11 knockout mice crossed with a mouse AD model [9]. These
findings suggest the protective role of LR11/SorLA against AD
pathology. In addition, some of the single-nucleotide polymor-
phisms (SNPs) in SORL1 encoding LR11/SorLA were found to be
associated with a risk of sporadic AD in various ethnic backgrounds
[3]. Full-length (FL) LR11/SorLA is cleaved by tumor necrosis fac-
tor-a-converting enzyme (TACE) to generate soluble LR11 [10].
We previously reported that the level of soluble LR11/SorLA was
significantly high in the cerebrospinal fluid (CSF) of patients with
AD [11]. The APOE e4 carriers among AD patients showed higher
levels of soluble LR11/SorLA than the e4 noncarriers [11]. This sug-
gests that the level of soluble LR11/SorLA in CSF is associated with
AD in an apoE-isoform-dependent manner.

LR11/SorLA functions as the neuronal lipoprotein endocytic
receptor of ApoE [12] and the sorting receptor of the amyloid pre-
cursor protein (APP) to regulate amyloidogenesis in endosomal and
Golgi compartments [13]. LR11/SorLA interacts with newly synthe-
sized APP in the Golgi apparatus and prevents the trafficking of APP
into the cellular compartment where secretases reside. Conse-
quently, the overexpression of LR11/SorLA in cultured cells reduces
amyloidogenic processing [14]. Very recently, a novel function of
LR11/SorLA has been reported. Caglayan et al. reported that
LR11/SorLA plays a role in the lysosomal targeting of newly gener-
ated Ab through the binding of Ab to the amino-terminal VPS10
protein domain of LR11 [15]. This binding enhances Ab clearance
in lysosomes by internalization of extracellular Ab through the
receptor LR11/SorLA. With this as a background, we here
attempted to determine the apoE-isoform-dependent effects on
the cellular uptake of Ab through the formation of a complex
between an spoE isoform and LR11/SorLA.

2. Materials and methods

2.1. cDNA cloning and construction of expression plasmids

Complementary DNA (cDNA) of human full-length LR11 was
amplified by PCR using pCMV6 plasmid cDNA containing human
LR11 (Origene, Rockville, USA) and cloned into the pcDNA3.1 vec-
tor (Life Technologies, Carlsbad, USA). Human APOE e3 cDNA was
cloned and inserted into the pcDNA3.1 vector. We generated two
allelic variants of human APOE, namely, APOE e2 and e4, by muta-
genesis. Each isoform of APOE was cloned into the pEGFP vector
(Clontech, Mountain View, USA). All constructs generated from
PCR products were verified by DNA sequencing.

2.2. Cell culture and transfection

Mouse neuroblastoma Neuro2a (N2a) and human embryonic
kidney (HEK)293T cells were cultured as previously described
[16]. Transient transfection of plasmid DNA into cells was carried
out by using Lipofectamine 2000 (Life Technologies). To generate
stable cell lines, N2a cells transfected with cDNA encoding human
apoE2, apoE3, apoE4 or FL-LR11 were selected using G418.
Peptides of Ab40 were purchased from Wako (Tokyo, Japan) and
FAM-labeled Ab40 from AnaSpec (Fremont, USA). They were
dissolved in 1% ammonium hydroxide.

2.3. Coculture system

Coculture experiments were performed essentially as previ-
ously described [16]. Donor HEK293T cells transiently transfected

with cDNA encoding human apoE2, apoE3, apoE4, apoE2-GFP,
apoE3-GFP, or apoE4-GFP were cultured on a dish with a 1.0 lm
filter insert (BD Bioscience, San Diego, USA) for 24 h. The donor
HEK293T cells on the dish were placed in a six-well culture dish
containing the recipient N2a cells mock-transfected or transiently
transfected with the FL-LR11 cDNA construct. After 24 h of
coculture, the lysate of the recipient cells and the medium were
subjected to Western blot analysis.

2.4. Western blot analysis

The cells were solubilized using a lysis buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.4, 0.5% NP-40, 0.5% sodium deoxycholate,
and 5 mM EDTA). The protein concentration of the detergent-
extracted lysates was determined using a bicinchoninic acid pro-
tein assay kit (Pierce, Rockford, USA). Equal amounts of protein
were boiled in Laemmli sample buffer and then subjected to
Tris–glycine or Tris-tricine SDS–PAGE system. The separated pro-
teins were transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, USA) and then incubated with appropriate pri-
mary antibodies. FL-LR11 and sLR11 were detected using the
monoclonal antibody 48/LR11 (BD Biosciences), which recognizes
the extracellular domain of LR11. ApoE was visualized by the
monoclonal antibody E6D7 (Sigma, St. Louis, USA). Ab polypeptides
were detected by the monoclonal antibody 6E10 (Covance,
Berkeley, USA). GFP-fusion proteins were detected by the monoclo-
nal antibody1E4 (MBL, Japan). Actin was detected using the goat
anti-actin antibody I-19 (Santa Cruz Biotechnology, Dallas, USA).
Immunoreactive bands were detected using an Immobilon
Western Chemiluminescent HRP substrate (Millipore). The band
intensities were quantified using a LAS system (GE Healthcare,
Pittsburgh, USA).

2.5. Co-immunoprecipitation assays

HEK293T cells were cotransfected with the cDNA encoding
apoE2, apoE3, or apoE4 and with FL-LR11 cDNA. The cells were sol-
ubilized using co-IP buffer (1% CHAPS, 150 mM NaCl, 50 mM
HEPES, pH 7.5). The supernatant was incubated with either an
anti-LR11 antibody (48/LR11) or an anti-apoE antibody (AB947,
Millipore) at 4 �C for 16 h. To immunoprecipitate the protein com-
plex, 25 lL of protein G Mag Sepharose beads (GE Healthcare) was
added to the mixture, and the mixture was incubated on a rotator
at 4 �C. The beads were collected on a magnetic stand and washed
three times with the solubilization buffer. The immunoprecipitated
proteins were released from the beads by incubation in Laemmli
sample buffer. The obtained samples were analyzed by SDS–PAGE
followed by Western blot analysis.

2.6. Fluorescence confocal laser scanning microscopy and image
analysis

N2a cells treated with GFP-labeled apoE3 or FAM-labeled Ab40
were cultured. All images were obtained using an inverted
microscope (TE-300NT, Nikon, Japan) and a confocal microscope
(CSU-10, Yokogawa Electric Corp, Japan). The obtained images
were further analyzed with a quantitative analysis system
(AquaCosmos, Hamamatsu Photonics, Japan).

2.7. Statistical analyses

Data are shown as the mean ± standard error of the mean
(SEM). Statistical comparison between two groups was carried
out by the Student t-test. For statistical comparison among several
groups, we used one-way analysis of variance (ANOVA) followed
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a b s t r a c t

The formation of senile plaques composed of b-amyloid (Ab) in the brain is likely the initial event in
Alzheimer’s disease (AD). Possession of the APOE e4 allele, the strong genetic factor for AD, facilitates
the Ab deposition from the presymptomatic stage of AD in a gene-dosage-dependent manner. However,
the precise mechanism by which apoE isoforms differentially induce the AD pathology is largely
unknown. LR11/SorLA is a type I membrane protein that functions as the neuronal lipoprotein endocytic
receptor of apoE and the sorting receptor of the amyloid precursor protein (APP) to regulate amyloido-
genesis. Recently, LR11/SorLA has been reported to be involved in the lysosomal targeting of extracellular
amyloid-b (Ab) through the binding of Ab to the vacuolar protein sorting 10 (VPS10) protein domain of
LR11/SorLA. Here, we attempted to examine the human-apoE-isoform-dependent effect on the cellular
uptake of Ab through the formation of a complex between an apoE isoform and LR11/SorLA. Cell culture
experiments using Neuro2a cells revealed that the cellular uptake of secreted apoE3 and apoE4 was
enhanced by the overexpression of LR11/SorLA. In contrast, the cellular uptake of apoE2 was not affected
by the expression of LR11/SorLA. Co-immunoprecipitation assay revealed that apoE-isoform-dependent
differences were observed in the formation of an apoE-LR11 complex (apoE4 > apoE3 > apoE2). ApoE-
isoform-dependent differences in cellular uptake of FAM-labeled Ab were further investigated by cocul-
ture assay in which donor cells secrete one of the apoE isoforms and recipient cells express FL-LR11. The
cellular uptake of extracellular Ab into the recipient cells was most prominently accentuated when cocul-
tured with the donor cells secreting apoE4 in the medium, followed by apoE3 and apoE2. Taken together,
our results provide evidence for the mechanism whereby human-apoE-isoform-dependent differences
modulate the cellular uptake of Ab mediated by LR11/SorLA.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) has emerged as the most prevalent
form of dementia in adults. The cardinal pathological features of
AD brain are the loss of synapses and neurons as well as abnormal
accumulation of misfolded proteins such as b-amyloid (Ab) and

phosphorylated tau. The deposition of Ab in the brain is considered
to be the earliest event in AD [1] and is substantially affected by the
APOE genotype, which has been shown to be a strong genetic risk
factor for AD in various ethnic populations [2,3]. The presence of
the APOE e4 allele markedly increases the risk of developing AD
and decreases the age at onset by 10 to 15 years; in contrast, the
e2 allele confers protection against AD development [4,5]. Although
there have been numerous studies attempting to elucidate the
mechanism underlying the increase or decrease in the risk of AD
posed by different apoE isoforms [6], the exact mechanisms are still
not completely understood. Thus, to address the differential effects
of apoE isoforms on the amyloid pathology and Ab metabolism is
important in the elucidation of the AD pathogenic pathway.

LR11, also known as SorLA, is a type I membrane protein that
has homology to members of the LDL receptor family and vacuolar

http://dx.doi.org/10.1016/j.bbrc.2014.11.111
0006-291X/� 2014 Elsevier Inc. All rights reserved.
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protein sorting 10 (VPS10) protein family. LR11/SorLA is predomi-
nantly expressed on neurons in the cerebral cortex and hippocam-
pus [7]. Reduced expression of LR11/SorLA in the brains of AD
patients and subjects with mild cognitive impairment has been
reported [8]. Furthermore, Ab deposition is more prominent in
LR11 knockout mice crossed with a mouse AD model [9]. These
findings suggest the protective role of LR11/SorLA against AD
pathology. In addition, some of the single-nucleotide polymor-
phisms (SNPs) in SORL1 encoding LR11/SorLA were found to be
associated with a risk of sporadic AD in various ethnic backgrounds
[3]. Full-length (FL) LR11/SorLA is cleaved by tumor necrosis fac-
tor-a-converting enzyme (TACE) to generate soluble LR11 [10].
We previously reported that the level of soluble LR11/SorLA was
significantly high in the cerebrospinal fluid (CSF) of patients with
AD [11]. The APOE e4 carriers among AD patients showed higher
levels of soluble LR11/SorLA than the e4 noncarriers [11]. This sug-
gests that the level of soluble LR11/SorLA in CSF is associated with
AD in an apoE-isoform-dependent manner.

LR11/SorLA functions as the neuronal lipoprotein endocytic
receptor of ApoE [12] and the sorting receptor of the amyloid pre-
cursor protein (APP) to regulate amyloidogenesis in endosomal and
Golgi compartments [13]. LR11/SorLA interacts with newly synthe-
sized APP in the Golgi apparatus and prevents the trafficking of APP
into the cellular compartment where secretases reside. Conse-
quently, the overexpression of LR11/SorLA in cultured cells reduces
amyloidogenic processing [14]. Very recently, a novel function of
LR11/SorLA has been reported. Caglayan et al. reported that
LR11/SorLA plays a role in the lysosomal targeting of newly gener-
ated Ab through the binding of Ab to the amino-terminal VPS10
protein domain of LR11 [15]. This binding enhances Ab clearance
in lysosomes by internalization of extracellular Ab through the
receptor LR11/SorLA. With this as a background, we here
attempted to determine the apoE-isoform-dependent effects on
the cellular uptake of Ab through the formation of a complex
between an spoE isoform and LR11/SorLA.

2. Materials and methods

2.1. cDNA cloning and construction of expression plasmids

Complementary DNA (cDNA) of human full-length LR11 was
amplified by PCR using pCMV6 plasmid cDNA containing human
LR11 (Origene, Rockville, USA) and cloned into the pcDNA3.1 vec-
tor (Life Technologies, Carlsbad, USA). Human APOE e3 cDNA was
cloned and inserted into the pcDNA3.1 vector. We generated two
allelic variants of human APOE, namely, APOE e2 and e4, by muta-
genesis. Each isoform of APOE was cloned into the pEGFP vector
(Clontech, Mountain View, USA). All constructs generated from
PCR products were verified by DNA sequencing.

2.2. Cell culture and transfection

Mouse neuroblastoma Neuro2a (N2a) and human embryonic
kidney (HEK)293T cells were cultured as previously described
[16]. Transient transfection of plasmid DNA into cells was carried
out by using Lipofectamine 2000 (Life Technologies). To generate
stable cell lines, N2a cells transfected with cDNA encoding human
apoE2, apoE3, apoE4 or FL-LR11 were selected using G418.
Peptides of Ab40 were purchased from Wako (Tokyo, Japan) and
FAM-labeled Ab40 from AnaSpec (Fremont, USA). They were
dissolved in 1% ammonium hydroxide.

2.3. Coculture system

Coculture experiments were performed essentially as previ-
ously described [16]. Donor HEK293T cells transiently transfected

with cDNA encoding human apoE2, apoE3, apoE4, apoE2-GFP,
apoE3-GFP, or apoE4-GFP were cultured on a dish with a 1.0 lm
filter insert (BD Bioscience, San Diego, USA) for 24 h. The donor
HEK293T cells on the dish were placed in a six-well culture dish
containing the recipient N2a cells mock-transfected or transiently
transfected with the FL-LR11 cDNA construct. After 24 h of
coculture, the lysate of the recipient cells and the medium were
subjected to Western blot analysis.

2.4. Western blot analysis

The cells were solubilized using a lysis buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.4, 0.5% NP-40, 0.5% sodium deoxycholate,
and 5 mM EDTA). The protein concentration of the detergent-
extracted lysates was determined using a bicinchoninic acid pro-
tein assay kit (Pierce, Rockford, USA). Equal amounts of protein
were boiled in Laemmli sample buffer and then subjected to
Tris–glycine or Tris-tricine SDS–PAGE system. The separated pro-
teins were transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, USA) and then incubated with appropriate pri-
mary antibodies. FL-LR11 and sLR11 were detected using the
monoclonal antibody 48/LR11 (BD Biosciences), which recognizes
the extracellular domain of LR11. ApoE was visualized by the
monoclonal antibody E6D7 (Sigma, St. Louis, USA). Ab polypeptides
were detected by the monoclonal antibody 6E10 (Covance,
Berkeley, USA). GFP-fusion proteins were detected by the monoclo-
nal antibody1E4 (MBL, Japan). Actin was detected using the goat
anti-actin antibody I-19 (Santa Cruz Biotechnology, Dallas, USA).
Immunoreactive bands were detected using an Immobilon
Western Chemiluminescent HRP substrate (Millipore). The band
intensities were quantified using a LAS system (GE Healthcare,
Pittsburgh, USA).

2.5. Co-immunoprecipitation assays

HEK293T cells were cotransfected with the cDNA encoding
apoE2, apoE3, or apoE4 and with FL-LR11 cDNA. The cells were sol-
ubilized using co-IP buffer (1% CHAPS, 150 mM NaCl, 50 mM
HEPES, pH 7.5). The supernatant was incubated with either an
anti-LR11 antibody (48/LR11) or an anti-apoE antibody (AB947,
Millipore) at 4 �C for 16 h. To immunoprecipitate the protein com-
plex, 25 lL of protein G Mag Sepharose beads (GE Healthcare) was
added to the mixture, and the mixture was incubated on a rotator
at 4 �C. The beads were collected on a magnetic stand and washed
three times with the solubilization buffer. The immunoprecipitated
proteins were released from the beads by incubation in Laemmli
sample buffer. The obtained samples were analyzed by SDS–PAGE
followed by Western blot analysis.

2.6. Fluorescence confocal laser scanning microscopy and image
analysis

N2a cells treated with GFP-labeled apoE3 or FAM-labeled Ab40
were cultured. All images were obtained using an inverted
microscope (TE-300NT, Nikon, Japan) and a confocal microscope
(CSU-10, Yokogawa Electric Corp, Japan). The obtained images
were further analyzed with a quantitative analysis system
(AquaCosmos, Hamamatsu Photonics, Japan).

2.7. Statistical analyses

Data are shown as the mean ± standard error of the mean
(SEM). Statistical comparison between two groups was carried
out by the Student t-test. For statistical comparison among several
groups, we used one-way analysis of variance (ANOVA) followed

R. Yajima et al. / Biochemical and Biophysical Research Communications 456 (2015) 482–488 483



－  308  －

by the Tukey post hoc test. The statistical analyses were performed
using SPSS ver. 12.0 J (SPSS Japan).

3. Results

3.1. Isoform-dependent change in level of secreted apoE by expression
of LR11/SorLA

We first determined whether the expression of FL-LR11/SorLA
affects the levels of apoE in the lysate and medium. N2a cells stably
expressing human apoE3 were mock-transfected or transiently
transfected with human FL-LR11 cDNA. The levels of apoE3 in
the medium and lysate were determined using the anti-apoE anti-
body at different time points from 2 to 24 h after the medium was
replaced. The level of apoE3 migrating at �34 kDa and secreted
into the medium increased after the medium replacement in a

time-dependent manner (Fig. 1A). The level of apoE3 in the med-
ium was significantly lower in N2a cells transfected with FL-LR11
24 h after the medium change compared with mock-transfected
cells, whereas the level of apoE in the lysate was comparable
between the mock- and FL-LR11-transfected cells (Fig. 1B).

Next, we investigated whether apoE-isoform-dependent differ-
ences are observed in this study. N2a cells stably expressing
human apoE2, apoE3, or apoE4, were mock-transfected or
transiently transfected with FL-LR11, and the levels of apoE in
the medium and lysate were determined by immunoblot analysis.
The apoE ratio (medium/lysate) significantly decreased in apoE3-
and E4-expressing cells that were transiently transfected with
FL-LR11 (Fig. 1C and D), whereas the apoE ratio (medium/lysate)
was unchanged in apoE2-expressing cells transfected with
FL-LR11. These findings suggest that the effect of LR11/SorLA on
apoE ratio (medium/lysate) is dependent on the apoE isoform.
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Fig. 1. Human-apoE-isoform-dependent differences in apoE ratio mediated by LR11/SorLA. (A) N2a cells stably expressing human apoE3 were mock-transfected or
transiently transfected with human FL-LR11. The levels of apoE3 in the medium and cell lysate were determined by immunoblot analysis at different time points ranging
from 2 to 24 h after the medium change. Note that the level of apoE in the medium of cells expressing FL-LR11 was decreased compared with mock-transfected cells. The
equivalence of protein loading is shown in the b-actin blot. (B) Results of semiquantitative analysis by densitometry of apoE level. The apoE ratio (medium/lysate) was defined
as the ratio of the level of apoE in the medium to that in the cell lysate. The apoE ratio (medium/lysate) significantly decreased 24 h after the medium change in cells
transfected with FL-LR11 compared with mock-transfected cells. Results of three independent experiments are shown as mean ± SEM. ⁄p < 0.05 by Student t-test. (C) N2a cells
stably expressing human apoE2, apoE3, or apoE4 were mock-transfected or transiently transfected with human FL-LR11. The levels of apoE in the medium and the lysate of
cells expressing each of the apoE isoforms were determined 24 h after the medium change. (D) Results of semiquantitative analysis of the apoE ratio (medium/lysate).
The apoE ratio (medium/lysate) was significantly decreased in apoE3- or apoE4-expressing cells transfected with FL-LR11, whereas the apoE ratio did not change in
apoE2-expressing cells. ⁄p < 0.05.
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medium into the recipient N2a cells was examined by Western blot analysis. (B) Results of semiquantitative analysis of cellular uptake of apoE are shown. The apoE ratio
(medium/lysate) significantly decreased in the recipient cells transfected with FL-LR11 compared with the mock-transfected recipient cells when the recipient cells were
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by the Tukey post hoc test. The statistical analyses were performed
using SPSS ver. 12.0 J (SPSS Japan).

3. Results

3.1. Isoform-dependent change in level of secreted apoE by expression
of LR11/SorLA

We first determined whether the expression of FL-LR11/SorLA
affects the levels of apoE in the lysate and medium. N2a cells stably
expressing human apoE3 were mock-transfected or transiently
transfected with human FL-LR11 cDNA. The levels of apoE3 in
the medium and lysate were determined using the anti-apoE anti-
body at different time points from 2 to 24 h after the medium was
replaced. The level of apoE3 migrating at �34 kDa and secreted
into the medium increased after the medium replacement in a

time-dependent manner (Fig. 1A). The level of apoE3 in the med-
ium was significantly lower in N2a cells transfected with FL-LR11
24 h after the medium change compared with mock-transfected
cells, whereas the level of apoE in the lysate was comparable
between the mock- and FL-LR11-transfected cells (Fig. 1B).

Next, we investigated whether apoE-isoform-dependent differ-
ences are observed in this study. N2a cells stably expressing
human apoE2, apoE3, or apoE4, were mock-transfected or
transiently transfected with FL-LR11, and the levels of apoE in
the medium and lysate were determined by immunoblot analysis.
The apoE ratio (medium/lysate) significantly decreased in apoE3-
and E4-expressing cells that were transiently transfected with
FL-LR11 (Fig. 1C and D), whereas the apoE ratio (medium/lysate)
was unchanged in apoE2-expressing cells transfected with
FL-LR11. These findings suggest that the effect of LR11/SorLA on
apoE ratio (medium/lysate) is dependent on the apoE isoform.
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Fig. 1. Human-apoE-isoform-dependent differences in apoE ratio mediated by LR11/SorLA. (A) N2a cells stably expressing human apoE3 were mock-transfected or
transiently transfected with human FL-LR11. The levels of apoE3 in the medium and cell lysate were determined by immunoblot analysis at different time points ranging
from 2 to 24 h after the medium change. Note that the level of apoE in the medium of cells expressing FL-LR11 was decreased compared with mock-transfected cells. The
equivalence of protein loading is shown in the b-actin blot. (B) Results of semiquantitative analysis by densitometry of apoE level. The apoE ratio (medium/lysate) was defined
as the ratio of the level of apoE in the medium to that in the cell lysate. The apoE ratio (medium/lysate) significantly decreased 24 h after the medium change in cells
transfected with FL-LR11 compared with mock-transfected cells. Results of three independent experiments are shown as mean ± SEM. ⁄p < 0.05 by Student t-test. (C) N2a cells
stably expressing human apoE2, apoE3, or apoE4 were mock-transfected or transiently transfected with human FL-LR11. The levels of apoE in the medium and the lysate of
cells expressing each of the apoE isoforms were determined 24 h after the medium change. (D) Results of semiquantitative analysis of the apoE ratio (medium/lysate).
The apoE ratio (medium/lysate) was significantly decreased in apoE3- or apoE4-expressing cells transfected with FL-LR11, whereas the apoE ratio did not change in
apoE2-expressing cells. ⁄p < 0.05.
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R. Yajima et al. / Biochemical and Biophysical Research Communications 456 (2015) 482–488 485



－  310  －

3.2. Cellular uptake of apoE examined by fluorescence confocal laser
microscopy

The finding that the level of apoE in the medium of cells trans-
fected with FL-LR11 decreased raises the possibility that apoE in
the medium was taken up into cells by the lipoprotein receptor
LR11/SorLA. To explore this possibility, N2a cells were incubated
with the medium prepared from cells that transiently expressed
the apoE3-GFP fusion protein. Fluorescence confocal microscopy
revealed apoE-GFP signals inside the cells transfected with
FL-LR11 and incubated with the medium of cells expressing
apoE3-GFP (Supplementary Fig. 1B). This finding suggests that
the cellular uptake of apoE from the medium was enhanced by
the expression of LR11/SorLA.

3.3. ApoE-isoform-dependent cellular uptake of apoE in coculture
system

We next examined whether the enhanced uptake of apoE by
FL-LR11 is modified by apoE isoforms using the coculture system.
First, we attempted to confirm whether apoE3 and GFP-labeled
apoE3 secreted from the donor HEK293T cells are taken up into
the recipient cells. This experiment revealed that apoE3 and GFP-
labeled apoE3 were detected in the lysate of the recipient cells
(Supplementary Fig. 2B), whereas GFP alone without apoE was
not detected in the recipient cells.

Having established that apoE secreted from the donor cells is
taken up into the recipient cells, we next asked if isoforms of apoE
differently affect the cellular uptake of apoE in the recipient N2a
cells mock-transfected or transiently transfected with FL-LR11.
The level of apoE taken up into the recipient N2a cells was deter-
mined by immunoblot analysis using the anti-apoE antibody
(Fig. 2A). The cellular uptake levels of apoE3 and apoE4 were sig-
nificantly higher in the recipient cells that express FL-LR11 com-
pared with the mock-transfected cells (Fig. 2B). In a similar
experiment using donor cells that express apoE2-GFP, apoE3-GFP,
or apoE4-GFP, the cellular uptake levels of apoE3-GFP and apoE4-
GFP were increased by the expression of FL-LR11 (Fig. 2C and D).
These results suggest that FL-LR11 enhances the cellular uptake
of apoE3 and apoE4 but not that of apoE2.

3.4. ApoE-isoform-dependent binding affinity to LR11/SorLA

We speculated that the differential cellular apoE uptake in the
recipient cells may be explained by a difference in binding affinity
between LR11/SorLA and each of the apoE isoforms. To test this
hypothesis, we examined the ability of LR11/SorLA to form a com-
plex with each of the apoE isoforms by co-immunoprecipitation
(co-IP) assay. We collected the detergent-extracted lysate of
HEK293T cells that were cotransfected with FL-LR11 and each of
the apoE isoforms. Co-IP assay using the anti-apoE or anti-LR11
antibody was performed using the medium and cell lysate. This
assay revealed that LR11/SorLA bound to each isoform of apoE with
different efficiencies (Fig. 3A). ApoE4-expressing cells showed the
highest level of the LR11-apoE complex, followed by apoE3- and
apoE2-expressing cells (Fig. 3B).

3.5. ApoE-isoform-dependent cellular uptake of Ab

Given the physical interaction between LR11/SorLA and apoE,
we next considered the possibility that FL-LR11 may be involved
in the cellular uptake of the apoE-Ab complex, because apoE is
known to form a complex with Ab. To address this issue, N2a cells
were incubated with FAM-labeled Ab40 at various concentrations
of ranging from 0.5 to 3.0 lM. By fluorescence confocal laser
microscopy, we detected the cellular uptake of FAM-labeled Ab
at concentrations above 1.0 lM (Supplementary Fig. 3A). We
observed the cellular uptake of FAM-labeled Ab at a low concentra-
tion of 0.25 lM when the recipient cells were transfected with
FL-LR11 and cocultured with the donor cells expressing apoE4
(Supplementary Figs. 3B, 4A and 4B). The finding suggests that
the cellular uptake of Ab was enhanced in the presence of both
FL-LR11 and apoE.

We finally performed coculture experiments in which the reci-
pient N2a cells mock-transfected or transiently transfected with
FL-LR11 were cocultured with the donor cells expressing apoE2,
E3, or E4 in the presence of the Ab peptides at 0.25 lM. The cellular
uptake level of apoE and Ab were highest when the recipient cells
were cocultured with the donor cells expressing apoE4, followed
by apoE3 and apoE2 (Fig. 4A and B).
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immunoprecipitated apoE and LR11/SorLA. ⁄p < 0.05; ⁄⁄p < 0.01 by Tukey test
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4. Discussion

Despite significant advances in our understanding of the patho-
logical events occurring in the AD brain, the factors leading to Ab
accumulation in sporadic AD patients are not well understood. A
wealth of evidence has confirmed that APOE e4 is the strongest
genetic risk factor for sporadic AD [2,3]. Although it is not fully
understood how human apoE isoforms differentially affect the var-
ious pathogenic processes implicated in AD, several lines of evi-
dence suggest that the effects of apoE on Ab accumulation,
aggregation, clearance, neurotoxicity, and neuroinflammation
may play a role in AD pathogenesis [6]. Hence, understanding
how each of the apoE isoforms differentially plays a pathophysio-
logical role in AD is an important question to address. In this
regard, this study provided new insights into how apoE isoforms
differentially modify the AD pathogenic pathway with particular
focus on the cellular uptake of Ab via the lipoprotein receptor
LR11/SorLA.

First, we demonstrated that the overexpression of LR11/SorLA
enhanced the cellular uptake of apoE3 and apoE4. This finding sug-
gests that LR11/SorLA functions as the apoE receptor. This notion
was suggested by previous studies showing that FL-LR11 at the cell
surface was capable of cellular uptake of apoE [12]. Importantly,
we here showed that the cellular uptake of apoE is modified by
different apoE isoforms. The cellular uptake of apoE4 and apoE3
was significantly enhanced by the expression of LR11/SorLA. In
support of this notion, the co-IP assay revealed that the apoE-
LR11/SorLA complex formation showed apoE-isoform-dependent
differences in efficiencies, that is, apoE4 > apoE3 > apoE2. Major

apoE receptors belong to the LDL receptor family including
the LDL receptor and LDLR-related protein (LRP1). Different effi-
ciencies in the formation of complexes between the LDL receptor
and the apoE isoforms were observed. Similar to our finding, the
cellular uptake levels of apoE3 and apoE4 were previously found
to be higher than that of apoE2 in cells expressing the LDL receptor
[17].

Secondly, our cell culture experiments revealed that extracellu-
lar Ab was taken up into cells overexpressing LR11/SorLA in an
apoE-isoform-dependent manner. A recent study has shown that
LR11/SorLA binds to Ab directly through the VPS10 protein domain
of LR11/SorLA [15]. Importantly, we demonstrated that the cellular
uptake of extracellular Ab was apoE-isoform-dependent, that is,
apoE4 > apoE3 > apoE2. Although this finding is potentially
interesting, how this finding is relevant to AD pathogenesis is not
presently understood. Enhancement of cellular uptake of Ab may
have two different consequences. A harmful consequence would
be that an increased intracellular Ab concentration through the
uptake of extracellular Ab may provide seeds of Ab oligomers, a
toxic forms of Ab [18]. Some studies suggested that intracellular
Ab oligomers may be a major cause of synaptic dysfunction [19].
On the other hand, a beneficial consequence would be that the cel-
lular uptake of extracellular Ab may enhance the clearance of Ab in
lysosomes [20]. Our finding favors the former possibility, that is,
cellular uptake of Ab may exert a detrimental effect on neurons
because this phenomenon is most closely associated with the pres-
ence of apoE4. Further studies delineating the precise conse-
quences of increased intracellular Ab level caused by enhanced
cellular uptake of Ab will be required.
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Fig. 4. ApoE-isoform-dependent differences in cellular uptake of Ab in cells expressing LR11/SorLA. (A) Recipient N2a cells stably expressing human FL-LR11 were cocultured
with donor N2a cells stably expressing human apoE2, apoE3, or apoE4 in the presence of Ab40 peptides at 0.25 lM for 24 h. The cellular uptake of Ab and apoE into the
recipient cells was examined by Western blot analysis. (B) Results of semiquantitative analysis of cellular uptake of Ab and apoE are shown as -fold increase compared with
the apoE2 isoform. ⁄p < 0.05; ⁄⁄p < 0.01 by Tukey test following ANOVA.
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3.2. Cellular uptake of apoE examined by fluorescence confocal laser
microscopy

The finding that the level of apoE in the medium of cells trans-
fected with FL-LR11 decreased raises the possibility that apoE in
the medium was taken up into cells by the lipoprotein receptor
LR11/SorLA. To explore this possibility, N2a cells were incubated
with the medium prepared from cells that transiently expressed
the apoE3-GFP fusion protein. Fluorescence confocal microscopy
revealed apoE-GFP signals inside the cells transfected with
FL-LR11 and incubated with the medium of cells expressing
apoE3-GFP (Supplementary Fig. 1B). This finding suggests that
the cellular uptake of apoE from the medium was enhanced by
the expression of LR11/SorLA.

3.3. ApoE-isoform-dependent cellular uptake of apoE in coculture
system

We next examined whether the enhanced uptake of apoE by
FL-LR11 is modified by apoE isoforms using the coculture system.
First, we attempted to confirm whether apoE3 and GFP-labeled
apoE3 secreted from the donor HEK293T cells are taken up into
the recipient cells. This experiment revealed that apoE3 and GFP-
labeled apoE3 were detected in the lysate of the recipient cells
(Supplementary Fig. 2B), whereas GFP alone without apoE was
not detected in the recipient cells.

Having established that apoE secreted from the donor cells is
taken up into the recipient cells, we next asked if isoforms of apoE
differently affect the cellular uptake of apoE in the recipient N2a
cells mock-transfected or transiently transfected with FL-LR11.
The level of apoE taken up into the recipient N2a cells was deter-
mined by immunoblot analysis using the anti-apoE antibody
(Fig. 2A). The cellular uptake levels of apoE3 and apoE4 were sig-
nificantly higher in the recipient cells that express FL-LR11 com-
pared with the mock-transfected cells (Fig. 2B). In a similar
experiment using donor cells that express apoE2-GFP, apoE3-GFP,
or apoE4-GFP, the cellular uptake levels of apoE3-GFP and apoE4-
GFP were increased by the expression of FL-LR11 (Fig. 2C and D).
These results suggest that FL-LR11 enhances the cellular uptake
of apoE3 and apoE4 but not that of apoE2.

3.4. ApoE-isoform-dependent binding affinity to LR11/SorLA

We speculated that the differential cellular apoE uptake in the
recipient cells may be explained by a difference in binding affinity
between LR11/SorLA and each of the apoE isoforms. To test this
hypothesis, we examined the ability of LR11/SorLA to form a com-
plex with each of the apoE isoforms by co-immunoprecipitation
(co-IP) assay. We collected the detergent-extracted lysate of
HEK293T cells that were cotransfected with FL-LR11 and each of
the apoE isoforms. Co-IP assay using the anti-apoE or anti-LR11
antibody was performed using the medium and cell lysate. This
assay revealed that LR11/SorLA bound to each isoform of apoE with
different efficiencies (Fig. 3A). ApoE4-expressing cells showed the
highest level of the LR11-apoE complex, followed by apoE3- and
apoE2-expressing cells (Fig. 3B).

3.5. ApoE-isoform-dependent cellular uptake of Ab

Given the physical interaction between LR11/SorLA and apoE,
we next considered the possibility that FL-LR11 may be involved
in the cellular uptake of the apoE-Ab complex, because apoE is
known to form a complex with Ab. To address this issue, N2a cells
were incubated with FAM-labeled Ab40 at various concentrations
of ranging from 0.5 to 3.0 lM. By fluorescence confocal laser
microscopy, we detected the cellular uptake of FAM-labeled Ab
at concentrations above 1.0 lM (Supplementary Fig. 3A). We
observed the cellular uptake of FAM-labeled Ab at a low concentra-
tion of 0.25 lM when the recipient cells were transfected with
FL-LR11 and cocultured with the donor cells expressing apoE4
(Supplementary Figs. 3B, 4A and 4B). The finding suggests that
the cellular uptake of Ab was enhanced in the presence of both
FL-LR11 and apoE.

We finally performed coculture experiments in which the reci-
pient N2a cells mock-transfected or transiently transfected with
FL-LR11 were cocultured with the donor cells expressing apoE2,
E3, or E4 in the presence of the Ab peptides at 0.25 lM. The cellular
uptake level of apoE and Ab were highest when the recipient cells
were cocultured with the donor cells expressing apoE4, followed
by apoE3 and apoE2 (Fig. 4A and B).
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Fig. 3. Human-apoE-isoform-dependent differences in formation of complex
between apoE and LR11/SorLA examined by co-IP assay. (A) HEK293T cells were
cotransfected with each of the human apoE isoforms and human FL-LR11. The
formed complex between apoE and LR11/SorLA was immunoprecipitated using the
anti-apoE antibody (AB947) or anti-LR11 antibody (48/LR11), followed by immu-
noblot analysis. The lysates (lanes 1–3) and immunoprecipitated samples (lanes 4–
7) were run on the same gel. (B) Results of semiquantitative analysis of
immunoprecipitated apoE and LR11/SorLA. ⁄p < 0.05; ⁄⁄p < 0.01 by Tukey test
following ANOVA.
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4. Discussion

Despite significant advances in our understanding of the patho-
logical events occurring in the AD brain, the factors leading to Ab
accumulation in sporadic AD patients are not well understood. A
wealth of evidence has confirmed that APOE e4 is the strongest
genetic risk factor for sporadic AD [2,3]. Although it is not fully
understood how human apoE isoforms differentially affect the var-
ious pathogenic processes implicated in AD, several lines of evi-
dence suggest that the effects of apoE on Ab accumulation,
aggregation, clearance, neurotoxicity, and neuroinflammation
may play a role in AD pathogenesis [6]. Hence, understanding
how each of the apoE isoforms differentially plays a pathophysio-
logical role in AD is an important question to address. In this
regard, this study provided new insights into how apoE isoforms
differentially modify the AD pathogenic pathway with particular
focus on the cellular uptake of Ab via the lipoprotein receptor
LR11/SorLA.

First, we demonstrated that the overexpression of LR11/SorLA
enhanced the cellular uptake of apoE3 and apoE4. This finding sug-
gests that LR11/SorLA functions as the apoE receptor. This notion
was suggested by previous studies showing that FL-LR11 at the cell
surface was capable of cellular uptake of apoE [12]. Importantly,
we here showed that the cellular uptake of apoE is modified by
different apoE isoforms. The cellular uptake of apoE4 and apoE3
was significantly enhanced by the expression of LR11/SorLA. In
support of this notion, the co-IP assay revealed that the apoE-
LR11/SorLA complex formation showed apoE-isoform-dependent
differences in efficiencies, that is, apoE4 > apoE3 > apoE2. Major

apoE receptors belong to the LDL receptor family including
the LDL receptor and LDLR-related protein (LRP1). Different effi-
ciencies in the formation of complexes between the LDL receptor
and the apoE isoforms were observed. Similar to our finding, the
cellular uptake levels of apoE3 and apoE4 were previously found
to be higher than that of apoE2 in cells expressing the LDL receptor
[17].

Secondly, our cell culture experiments revealed that extracellu-
lar Ab was taken up into cells overexpressing LR11/SorLA in an
apoE-isoform-dependent manner. A recent study has shown that
LR11/SorLA binds to Ab directly through the VPS10 protein domain
of LR11/SorLA [15]. Importantly, we demonstrated that the cellular
uptake of extracellular Ab was apoE-isoform-dependent, that is,
apoE4 > apoE3 > apoE2. Although this finding is potentially
interesting, how this finding is relevant to AD pathogenesis is not
presently understood. Enhancement of cellular uptake of Ab may
have two different consequences. A harmful consequence would
be that an increased intracellular Ab concentration through the
uptake of extracellular Ab may provide seeds of Ab oligomers, a
toxic forms of Ab [18]. Some studies suggested that intracellular
Ab oligomers may be a major cause of synaptic dysfunction [19].
On the other hand, a beneficial consequence would be that the cel-
lular uptake of extracellular Ab may enhance the clearance of Ab in
lysosomes [20]. Our finding favors the former possibility, that is,
cellular uptake of Ab may exert a detrimental effect on neurons
because this phenomenon is most closely associated with the pres-
ence of apoE4. Further studies delineating the precise conse-
quences of increased intracellular Ab level caused by enhanced
cellular uptake of Ab will be required.
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Fig. 4. ApoE-isoform-dependent differences in cellular uptake of Ab in cells expressing LR11/SorLA. (A) Recipient N2a cells stably expressing human FL-LR11 were cocultured
with donor N2a cells stably expressing human apoE2, apoE3, or apoE4 in the presence of Ab40 peptides at 0.25 lM for 24 h. The cellular uptake of Ab and apoE into the
recipient cells was examined by Western blot analysis. (B) Results of semiquantitative analysis of cellular uptake of Ab and apoE are shown as -fold increase compared with
the apoE2 isoform. ⁄p < 0.05; ⁄⁄p < 0.01 by Tukey test following ANOVA.
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ApoE is predominantly generated by astrocytes and microglia in
the brain and is subsequently lipidated by ABCA1 to form lipopro-
tein particles [21]. It has been demonstrated that lipoprotein
receptors including LDLR and LRP on the neuronal surface are able
to take apoE-Ab complexes into neurons after apoE is lipidated
[22]. The lipidation of apoE has been shown to influence its iso-
form-specific affinity to Ab. The efficiency of complex formation
between lipidated apoE and Ab is in the order of apoE2 > apoE3 >
apoE4 [23]. In addition, the variable levels of apoE oxidation may
affect the properties of apoE binding to Ab. In this study, we did
not fully address the lipidation or oxidation status of apoE secreted
from HEK293T cells, which should be taken into account when
interpreting our results. To minimize confounding factors, it is
desirable to use apoE prepared under conditions that preserve
apoE lipidation and oxidation status found in the brain. Collec-
tively, our study indicated that LR11/SorLA is capable of cellular
uptake of Ab in an apoE-isoform-dependent manner; however, its
pathophysiological role requires further investigation.
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Abstract
In the basal ganglia (BG), dopamine plays a pivotal role in motor control, and dopamine deficiency results in severe motor
dysfunctions as seen in Parkinson’s disease. According to the well-accepted model of the BG, dopamine activates striatal direct
pathway neurons that directly project to the output nuclei of the BG through D1 receptors (D1Rs), whereas dopamine inhibits
striatal indirect pathway neurons that project to the external pallidum (GPe) through D2 receptors. To clarify the exact role of
dopaminergic transmission via D1Rs in vivo, we developed novel D1R knockdown mice in which D1Rs can be conditionally and
reversibly regulated. SuppressionofD1Rexpressionby doxycycline treatment decreased spontaneousmotoractivity and impaired
motor ability in the mice. Neuronal activity in the entopeduncular nucleus (EPN), one of the output nuclei of the rodent BG, was
recorded in awake conditions to examine themechanismofmotor deficits. Corticallyevoked inhibition in the EPNmediated by the
cortico-striato-EPN direct pathway was mostly lost during suppression of D1R expression, whereas spontaneous firing rates and
patterns remained unchanged. On the other hand, GPe activity changed little. These results suggest that D1R-mediated
dopaminergic transmission maintains the information flow through the direct pathway to appropriately release motor actions.

Key words: basal ganglia, conditional knockdown, dopamine receptor, extracellular recording, mouse
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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Figure 2. Spontaneousmotor activity and rotarod performance during D1R suppression. (A) Spontaneousmotor activity of Dox-treated D1RKD (D1RKDDox (+)), untreated

D1RKD (D1RKDDox (−)), andDox-treatedWT (WTDox (+))mice in their home cages. Dox treatmentwas started onDay 0 and continued for 4weeks for Dox-treated groups

(gray bar). Daily changes in spontaneousmotor activity during Dox treatment were observed. Bedding was replaced every 7 days (Days 0, 7, 14, and 21), and spontaneous

motor activity was increased because of exploratory behavior. Thus, data on these days were excluded from further analyses. Colored lines and light-colored areas

represent mean and ± SD, and filled circles and whiskers represent mean weekly spontaneous motor activity and ±SD. *P < 0.05; significantly different from before Dox

treatment (Bonferroni test). ∫ P < 0.05, significantly different from control (WT Dox (+) and D1RKD Dox (−) mice), which is indicated by the corresponding color

(Bonferroni test). (B) Classifications of spontaneous motor activity of WT Dox (+), D1RKD Dox (−), and D1RKD Dox (+) mice before (Days –6 to –1) and during (Days 22–

27) Dox treatment. Spontaneous motor activity was classified into 3 levels based on counts per 10 min: inactive (≤9), low (10–199), and high (≥200). *, the percentage of

inactive (≤9) time significantly increased (χ2 test with Bonferroni correction, P = 0.008), and that of high-active (≥200) time significantly decreased (P = 0.0004). (C)

Spontaneous motor activity of D1RKD Dox (+) and WT Dox (+) mice after cessation of Dox treatment. The 2-week Dox treatment was stopped on Day 0. Bedding was

replaced every 7 days (Days –14, –7, 0, and 7). (D) Rotarod performance of D1RKD Dox (+), D1RKD Dox (−), WT Dox (+), and untreated WT (WT Dox (−)) mice. Dox

treatment was started 35 days before the rotarod test. †P < 0.01, significantly different from control, which is indicated by the corresponding color (Bonferroni test). The

number of mice used for each experiment is indicated by n.
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blot analysis as described previously (Tran et al. 2008) withminor
modifications. Briefly, after euthanasia by cervical dislocation,
the striatum was dissected and homogenized in lysis buffer.
Total lysates were resolved with 10% SDS-PAGE and transferred
to a polyvinylidene difluoride membrane (Millipore). The mem-
brane was blocked with 5% skim milk and incubated with anti-
D1R (1:5000; Sigma) or anti-actin (as a protein loading control;
1:500; Sigma) antibodies, followed by incubation with secondary
antibodies conjugated to horseradish peroxidase (Sigma). Signals
were developed with an ECL detection kit (GE Healthcare). The
density of the bands was determined with CS Analyzer software
(Atto).

Behavioral Analyses

D1RKD and age-matched WT male mice (7–28 weeks old) were
used for behavioral analyses. D1RKD andWTmicewere random-
ly divided into Dox-treated and untreated groups. All behavioral
data are presented as the mean ± SD.

Spontaneous Motor Activity
Weassessed spontaneousmotor activity of 9 Dox-treatedD1RKD,
4 untreated D1RKD, and 5 Dox-treated WT mice. The mice were
individually housed in an 11.8 cm (L) × 20.8 cm (W) × 14.5 cm (H)
home cage, andmovements of eachmousewere detected before,
during, and after Dox treatment with a pyroelectric infrared sen-
sor installed above the cage (O’hara) as reported previously
(Nakamura et al. 2014). Movements were continuously counted
in 10-min bins, and spontaneous motor activity per day was cal-
culated as the cumulative number of movements in 24 h begin-
ning at 8:00 AM. The bedding was replaced every 7 days, and
motor activity was increased after bedding replacement because
of exploratory behavior. Thus, data on these days were excluded
when calculating the mean weekly spontaneous motor activity.
Spontaneous motor activity was classified into 3 levels based
on counts per 10 min: inactive (≤9), low (10–199), and high
(≥200). We also assessed spontaneous motor activity of another
4 Dox-treated D1RKD and 4 Dox-treated WT mice until 10 days
after cessation of Dox treatment for 14 days.

Rotarod Test
We used another 13 Dox-treated D1RKD, 5 untreated D1RKD, 8
Dox-treated WT, and 15 untreated WT mice for the rotarod test.
Dox treatment was started 35 days before the test and continued
during the test periods for Dox-treated groups. Mice were placed
on a rotating rod (32 mm diameter, O’hara), which initially ro-
tated at 4 rpm, and then was accelerated at a constant rate from
4 to 40 rpmover 4 min,with the final speedmaintained for 1 min.
The time spent on the rotarod wasmeasured in 3 trials every day
between 1:00 PM and 7:00 PM and averaged.

Electrophysiology

Surgery
We used 4 D1RKD (mouseW, K, T, and O, 20–50 weeks old, males)
and 3 age-matched WT mice for the electrophysiological experi-
ments.Underanesthesiawithketaminehydrochloride (100 mg/kg,
i.p.) and xylazine hydrochloride (4–5 mg/kg, i.p.), a small U-frame
polyacetal head holder was fixed to the exposed skull of the
mouse with transparent acrylic resin (for details, see Chiken
et al. 2008; Sano et al. 2013). After recovery from the first surgery,
under light anesthesia with ketamine hydrochloride (30–50 mg/
kg, i.p.), a portion of the skull was removed to access the motor
cortex, EPN, and GPe. Two pairs of bipolar stimulating electrodes

were chronically implanted into the caudal forelimb and orofa-
cial regions of the motor cortex (for details, see Chiken et al.
2008).

Recording of Neuronal Activity in the Awake State
After full recovery from the second surgery, neuronal recording
was started (for details, see Chiken et al. 2008; Sano et al. 2013).
The awake mouse was kept quiet in a stereotaxic apparatus
with its head restrained painlessly using the U-frame head
holder. A glass-coated Elgiloy-alloy microelectrode was inserted
vertically into the EPN/GPe through the dura mater. Unit activity
was isolated and converted to digital pulses using a window dis-
criminator. Spontaneous discharges and responses to the cor-
tical stimulation (200-μs duration, single pulse, 50-μA strength)
through the electrodes implanted in the motor cortex were re-
corded in the EPN/GPe from the same mouse in 3 conditions: be-
fore, during, and after Dox treatment. We first recorded neuronal
activity before Dox treatment (“before” condition) and then
started Dox treatment. Recording of neuronal activity was re-
sumed 5 days after starting Dox treatment and continued till
22 days after starting Dox treatment (“during Dox” condition)
when D1R expression was greatly suppressed and spontaneous
motor activity was distinctly decreased (Figs 1D, 2A). Finally, we
stopped Dox treatment and resumed recording 15 days after ces-
sation of Dox treatment (“after” condition) when D1R expression
and spontaneous motor activity had fully returned to the level
prior to Dox treatment (Figs 1D and 2C). During the recording ses-
sion, we carefully monitored vigilance state of the mouse by vis-
ual inspection.

Histology
In the final experiment, several sites of neuronal recording were
marked by passing cathodal DC current (20 μA for 30 s) through
the recording electrodes. The mice were anesthetized deeply
with sodium pentobarbital (120 mg/kg, i.p.) and perfused trans-
cardially with 0.1 M PB (pH 7.3) followed by 10% formalin in
0.1 M PB, and then 0.1 M PB containing 10% sucrose. The brains
were removed immediately and saturated with the same buffer
containing 30% sucrose. They were cut into frontal 50-μm-thick
sections on a freezing microtome. The sections were mounted
onto gelatin-coated glass slides, stained with 0.7% neutral red,
dehydrated, and coverslipped. The sections were observed
under a light microscope, and the recording sites were recon-
structed according to the lesions made by current injection and
traces of electrode tracks. The sites of stimulation in the motor
cortex were also examined histologically.

Data Analysis
Spontaneous discharge rates were calculated from continuous
digitized recordings for 50 s. The following parameters character-
izing firing patterns were calculated from the first 30 s of the
same recordings: the coefficient of variation (CV) of interspike in-
tervals (ISIs), the burst index (Hutchison et al. 1998; Sano et al.
2013), and the percentage of spikes in bursts detected by the Pois-
son surprise method (Legéndy and Salcman 1985; Chiken et al.
2008; Sano et al. 2013) (Poisson surprise value (−log10 P) ≥2.0;
the minimum number of spikes during bursts was 3). Autocorre-
lograms (bin width of 0.5 ms) were constructed from continuous
digitized recordings for 50 s.

Responses to cortical stimulation were examined by con-
structing peristimulus time histograms (PSTHs; bin width of
1 ms) for 100 stimulus trials. The mean value and SD of the dis-
charge rate during the 100-ms period preceding the stimulation
onset were calculated for each PSTH and considered as the

4 | Cerebral Cortex

 at N
iigata U

niv A
sahim

achi on O
ctober 6, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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Figure 2. Spontaneousmotor activity and rotarod performance during D1R suppression. (A) Spontaneousmotor activity of Dox-treated D1RKD (D1RKDDox (+)), untreated

D1RKD (D1RKDDox (−)), andDox-treatedWT (WTDox (+))mice in their home cages. Dox treatmentwas started onDay 0 and continued for 4weeks for Dox-treated groups

(gray bar). Daily changes in spontaneousmotor activity during Dox treatment were observed. Bedding was replaced every 7 days (Days 0, 7, 14, and 21), and spontaneous

motor activity was increased because of exploratory behavior. Thus, data on these days were excluded from further analyses. Colored lines and light-colored areas

represent mean and ± SD, and filled circles and whiskers represent mean weekly spontaneous motor activity and ±SD. *P < 0.05; significantly different from before Dox

treatment (Bonferroni test). ∫ P < 0.05, significantly different from control (WT Dox (+) and D1RKD Dox (−) mice), which is indicated by the corresponding color

(Bonferroni test). (B) Classifications of spontaneous motor activity of WT Dox (+), D1RKD Dox (−), and D1RKD Dox (+) mice before (Days –6 to –1) and during (Days 22–

27) Dox treatment. Spontaneous motor activity was classified into 3 levels based on counts per 10 min: inactive (≤9), low (10–199), and high (≥200). *, the percentage of

inactive (≤9) time significantly increased (χ2 test with Bonferroni correction, P = 0.008), and that of high-active (≥200) time significantly decreased (P = 0.0004). (C)

Spontaneous motor activity of D1RKD Dox (+) and WT Dox (+) mice after cessation of Dox treatment. The 2-week Dox treatment was stopped on Day 0. Bedding was

replaced every 7 days (Days –14, –7, 0, and 7). (D) Rotarod performance of D1RKD Dox (+), D1RKD Dox (−), WT Dox (+), and untreated WT (WT Dox (−)) mice. Dox

treatment was started 35 days before the rotarod test. †P < 0.01, significantly different from control, which is indicated by the corresponding color (Bonferroni test). The

number of mice used for each experiment is indicated by n.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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P = 0.26 for the CV of ISIs, P = 0.69 for the burst index, P = 0.73 for
the percentage of spikes in bursts; Fig. 3B).

Cortically Evoked Responses of EPN and GPe Neurons
During D1R Suppression

After recording spontaneous activity of EPN neurons, we next ex-
amined the responses of these neurons to electrical stimulation
of the forelimb and orofacial regions of the motor cortex (Chiken
et al. 2008) (Fig. 4A), because cortical stimulation induces neuron-
al activity in the BG and mimics information processing during
voluntary movements (Chiken et al. 2008; Tachibana et al. 2008;
Sano et al. 2013). Before Dox treatment, 60% of EPN neurons
(75/125 cells, Table 2) responded to stimulation of the motor cor-
tex. The most common (64%) response was a triphasic response
composed of early excitation, followed by inhibition and late ex-
citation (ex-inh-ex) as observed in PSTHs (Fig. 4A1, left, see Sup-
plementary Fig. 2A, Before), which is the typical response in WT
mice (Chiken et al. 2008, see also Supplementary Fig. 3B). During
Dox treatment, a similar percentage of neurons (72%, 63/88 cells,
Table 2) responded to the motor cortical stimulation in the same
area of the EPN (Fig. 5A); however, response patterns drastically
changed. The inhibition was mostly lost (Fig. 4A2, left). The
most common (65%) response was biphasic excitation consisting
of early and late excitation, and the percentage of neurons exhi-
biting responses with inhibition, such as ex-inh-ex, ex-inh, inh-
ex, and inh, was significantly decreased (before, 84%; during Dox,
24%; χ2 test, P < 0.0001, see Supplementary Fig. 2A). These
changes were also clearly observed in population PSTHs. The in-
hibition disappeared during Dox treatment (Fig. 4A1, A2, right).

The disappearance of the inhibition was already observed in
the first half (5–14 days) of Dox treatment (see Supplementary
Fig. 3A). Population PSTHs constructed for each mouse (Fig. 4B)
evidenced that the disappearance of the inhibitionwas common-
ly observed in all 4 mice. Quantitative analysis showed that the
duration and amplitude of the inhibition were markedly dimin-
ished during Dox treatment (Table 2; 1-way ANOVAwith Tukey’s
post hoc test, P < 0.001 for the duration and amplitude). On the
other hand, the latency, duration, and amplitude of the early ex-
citation remained unchanged. The latency of the late excitation
was decreased, and its amplitude was increased during Dox
treatment (P < 0.001 for the duration, P < 0.01 for the amplitude),
probably because the diminution of inhibition may unmask the
late excitation. More than 15 days after the cessation of Dox treat-
ment, a similar percentage of neurons (73%, Table 2) responded
to the motor cortical stimulation, and the most common (58%)
pattern was again triphasic, and was similar to that observed be-
fore Dox treatment (Fig. 4A3, left, see Supplementary Fig. 2A,
After). Such recovery was also evident in population PSTHs
(Fig. 4A3, right) and quantitative analyses (Table 2).

We also examined the cortically evoked responses of GPe
neurons in the same 4 D1RKD mice for comparison. The most
common cortically evoked response was triphasic with early ex-
citation, followed by inhibition and late excitation throughout
the 3 conditions (Fig. 4C, left; 67% before, 67% during, and 61%
after Dox treatment, see Supplementary Fig. 2B); this is the typ-
ical response in WT mice (Chiken et al. 2008). In addition, popu-
lation PSTHs (Fig. 4C, right) and the amplitude and duration of
each component (Table 2; 1-way ANOVA; early excitation, P = 0.51
for the duration, P = 0.42 for the amplitude; inhibition, P = 0.67 for

Figure 3. Spontaneous activity of EPN and GPe neurons during D1R suppression. Digitized spikes (top) and autocorrelograms (bottom) of spontaneous activity of EPN (A)

and GPe (B) neurons before (1) and during (2) Dox treatment in D1RKD mice are shown.
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baseline discharge rate. Changes in neuronal activity in response
to cortical stimulation were judged significant if the discharge
rate during at least 2 consecutive bins (2 ms) reached a signifi-
cance level of P < 0.05 (Nambu et al. 2000; Chiken et al. 2008; Ta-
chibana et al. 2008; Sano et al. 2013). The latency of each
response was defined as the time at which the first bin exceeded
this level. The responses were judged to end when 2 consecutive
bins fell below the significance level. The end point was deter-
mined as the time at which the last bin exceeded this level. The
amplitude of each component of cortically evoked responses was
defined as the number of spikes during the significant response
minus that of the baseline discharge in the PSTH (i.e., the area
of the response; positive and negative values indicate excitation
and inhibition, respectively). If no significant changes were
found, the amplitude was set to zero. For population PSTHs, the
PSTH of each neuron with a significant response was averaged
and filtered with a Gaussian filter (σ = 1.6 ms). All electrophysio-
logical data are presented as the mean ± SD.

Results
Biochemical Characteristics of D1RKD Mice

WedevelopedD1RKDmice inwhich D1Rswere conditionally and
reversibly regulated by Dox using the Tet-Off system (Fig. 1B, see
also Materials and Methods). We first examined the distribution
of D1Rs in D1RKD mice immunohistochemically (Fig. 1C) using
D1R antibodies. The specificity of the antibodies was examined
in WT C57BL/6J mice and D1RKO mice (Fig. 1C, WT and D1RKO).
D1Rs were expressed at a high level in the striatum including
the ventral striatum and at moderate levels in the cortex of
D1RKDmice (Fig. 1C, D1RKD). The distribution of D1Rs was simi-
lar to that of WT mice (Fig. 1C, WT) and that reported previously
(Fremeau et al. 1991; Weiner et al. 1991; Gaspar et al. 1995). We
next quantitatively evaluated D1R expression in the striatum of
D1RKD mice before, during, and after Dox treatment using west-
ern blot analysis (Fig. 1D). Before Dox treatment, D1R expression
in the striatum was 27-fold higher than that in WTmice (Fig. 1D,
Day 0 of D1RKD and WT). Dox treatment rapidly and completely
suppressed D1R expression (Day 7, 27.1 ± 4.2%; Day 14, 3.1 ± 1.4%;
Days 21 and 28, undetectable). After cessation of Dox treatment,
D1R expression recovered to the level prior to Dox treatment over
7 days (Fig. 1D, After).

Motor Behaviors During D1R Suppression

Before Dox treatment, D1RKD mice showed normal behaviors
and similar spontaneous motor activity to WT mice (Days −6 to
−1 in Fig. 2A), despite the higher D1R expression in D1RKD
mice. Dox treatment significantly decreased spontaneous
motor activity in D1RKD mice from the first week (Days 1–6 of
D1RKD Dox (+) in Fig. 2A) and monotonically decreased their ac-
tivity during the second, third, and fourth weeks. Dox had little
effect on WTmice (WT Dox (+)), and spontaneous motor activity
in untreated D1RKD mice (D1RKD Dox (−)) was also unchanged
(repeated-measures 2-way ANOVA, P = 0.0024 for genotype–day
interaction; Bonferroni test, P = 0.013 for Days 1–6, P < 0.01 for
Days 8–13, 15–20 and 22–27). Finally, the difference in the spon-
taneous motor activity of D1RKD Dox (+) mice and that of WT
Dox (+) and D1RKD Dox (−) mice became significant in the fourth
week (Days 22–27) (Bonferroni test, P < 0.01). Decreased spontan-
eousmotor activity in D1RKDDox (+)micewas due to an increase
in inactive time and a decrease in highly active time (Fig. 2B; χ2

test with Bonferroni correction, P = 0.008); such changes in active

and inactive times were observed in neither WT Dox (+) nor
D1RKD Dox (−) mice. After cessation of Dox treatment, spontan-
eous motor activity temporarily increased and then returned to
the normal level over 7 days (Fig. 2C).

Motor ability was also impaired during Dox treatment as evi-
denced by the rotarod test. The time spent on the rotarod by
D1RKD Dox (+) mice was significantly shorter than that for WT
Dox (−), WT Dox (+), and D1RKD Dox (−) mice (Fig. 2D; repeated-
measures 2-way ANOVA, P < 0.0001 for genotype–day interaction;
Bonferroni test, P < 0.01).

Spontaneous Activity of EPN and GPe Neurons During
D1R Suppression

To assess the mechanism of the decreased motor activity in
D1RKD mice following D1R suppression, we examined neuronal
activity in awake conditions in the motor-related area of the
EPN (Chiken et al. 2008), which is the target of D1R-expressing
striatal neurons and the main output nucleus of the BG to the
thalamus (Fig. 1A). We first recorded spontaneous activity of
127 and 89 EPN neurons before and during Dox treatment, re-
spectively, in 4 awake D1RKD mice. EPN neurons continuously
and irregularly fired at a high discharge rate (53.9 ± 14.8 Hz) before
Dox treatment (Table 1, Fig. 3A1) as observed inWTmice (Chiken
et al. 2008). Dox treatment did not change either the firing rate
(54.2 ± 13.5 Hz; Table 1; 1-wayANOVA, P = 0.93) or pattern (Table 1,
Fig. 3A2). The CV of ISIs, the burst index, and percentage of spikes
in bursts, which characterize firing patterns, also did not change.
These results indicate that D1R suppression had little influence
on the spontaneous activity of EPN neurons. More than 15 days
after the cessation of Dox treatment, we recorded 36 EPN neurons
and found that the firing rates and percentage of spikes in bursts
remained unchanged, whereas the CV of ISIs and burst index
were increased (Table 1; 1-wayANOVAwith Tukey’s post hoc test,
P < 0.001 for the CV of ISIs and burst index).

For comparison, we also examined the activity of GPeneurons
in the same 4 D1RKD mice, because striato-GPe neurons are as-
sumed to express D2Rs, not D1Rs (Fig. 1A). We found no signifi-
cant differences in the firing rate or pattern among the 3
conditions (Table 1; 1-way ANOVA, P = 0.84 for the firing rate,

Table 1 Spontaneous firing rates and patterns of EPN andGPe neurons
before, during, and after Dox treatment in D1RKD mice

Before During Dox
(5–22 days after
starting Dox
treatment)

After

EPN
No. of neurons 127 89 36
Firing rate (Hz) 53.9 ± 14.8 54.2 ± 13.5 53.8 ± 19.0
CV of ISIs 0.53 ± 0.15* 0.49 ± 0.15# 0.65 ± 0.19*,#

Burst index 1.33 ± 0.36* 1.23 ± 0.30# 1.91 ± 1.19*,#

Spikes in bursts (%) 0.82 ± 2.02 0.69 ± 1.27 1.16 ± 1.70
GPe
No. of neurons 120 100 38
Firing rate (Hz) 51.0 ± 15.8 51.1 ± 15.5 52.9 ± 16.4
CV of ISIs 0.63 ± 0.21 0.68 ± 0.24 0.69 ± 0.15
Burst index 1.61 ± 1.08 1.54 ± 0.47 1.69 ± 0.43
Spikes in bursts (%) 1.43 ± 3.17 1.12 ± 1.66 1.33 ± 1.80

*,#P < 0.01, significantly different from each other (1-wayANOVAwith Tukey’s post

hoc test).
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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P = 0.26 for the CV of ISIs, P = 0.69 for the burst index, P = 0.73 for
the percentage of spikes in bursts; Fig. 3B).

Cortically Evoked Responses of EPN and GPe Neurons
During D1R Suppression

After recording spontaneous activity of EPN neurons, we next ex-
amined the responses of these neurons to electrical stimulation
of the forelimb and orofacial regions of the motor cortex (Chiken
et al. 2008) (Fig. 4A), because cortical stimulation induces neuron-
al activity in the BG and mimics information processing during
voluntary movements (Chiken et al. 2008; Tachibana et al. 2008;
Sano et al. 2013). Before Dox treatment, 60% of EPN neurons
(75/125 cells, Table 2) responded to stimulation of the motor cor-
tex. The most common (64%) response was a triphasic response
composed of early excitation, followed by inhibition and late ex-
citation (ex-inh-ex) as observed in PSTHs (Fig. 4A1, left, see Sup-
plementary Fig. 2A, Before), which is the typical response in WT
mice (Chiken et al. 2008, see also Supplementary Fig. 3B). During
Dox treatment, a similar percentage of neurons (72%, 63/88 cells,
Table 2) responded to the motor cortical stimulation in the same
area of the EPN (Fig. 5A); however, response patterns drastically
changed. The inhibition was mostly lost (Fig. 4A2, left). The
most common (65%) response was biphasic excitation consisting
of early and late excitation, and the percentage of neurons exhi-
biting responses with inhibition, such as ex-inh-ex, ex-inh, inh-
ex, and inh, was significantly decreased (before, 84%; during Dox,
24%; χ2 test, P < 0.0001, see Supplementary Fig. 2A). These
changes were also clearly observed in population PSTHs. The in-
hibition disappeared during Dox treatment (Fig. 4A1, A2, right).

The disappearance of the inhibition was already observed in
the first half (5–14 days) of Dox treatment (see Supplementary
Fig. 3A). Population PSTHs constructed for each mouse (Fig. 4B)
evidenced that the disappearance of the inhibitionwas common-
ly observed in all 4 mice. Quantitative analysis showed that the
duration and amplitude of the inhibition were markedly dimin-
ished during Dox treatment (Table 2; 1-way ANOVAwith Tukey’s
post hoc test, P < 0.001 for the duration and amplitude). On the
other hand, the latency, duration, and amplitude of the early ex-
citation remained unchanged. The latency of the late excitation
was decreased, and its amplitude was increased during Dox
treatment (P < 0.001 for the duration, P < 0.01 for the amplitude),
probably because the diminution of inhibition may unmask the
late excitation. More than 15 days after the cessation of Dox treat-
ment, a similar percentage of neurons (73%, Table 2) responded
to the motor cortical stimulation, and the most common (58%)
pattern was again triphasic, and was similar to that observed be-
fore Dox treatment (Fig. 4A3, left, see Supplementary Fig. 2A,
After). Such recovery was also evident in population PSTHs
(Fig. 4A3, right) and quantitative analyses (Table 2).

We also examined the cortically evoked responses of GPe
neurons in the same 4 D1RKD mice for comparison. The most
common cortically evoked response was triphasic with early ex-
citation, followed by inhibition and late excitation throughout
the 3 conditions (Fig. 4C, left; 67% before, 67% during, and 61%
after Dox treatment, see Supplementary Fig. 2B); this is the typ-
ical response in WT mice (Chiken et al. 2008). In addition, popu-
lation PSTHs (Fig. 4C, right) and the amplitude and duration of
each component (Table 2; 1-way ANOVA; early excitation, P = 0.51
for the duration, P = 0.42 for the amplitude; inhibition, P = 0.67 for

Figure 3. Spontaneous activity of EPN and GPe neurons during D1R suppression. Digitized spikes (top) and autocorrelograms (bottom) of spontaneous activity of EPN (A)

and GPe (B) neurons before (1) and during (2) Dox treatment in D1RKD mice are shown.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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impaired motor behaviors in the mice. Cortically evoked inhib-
ition in the EPN, which is mediated by the cortico-striato-EPN
direct pathway, was mostly lost during suppression of D1R
expression, whereas spontaneous firing rates and patterns of
EPN neurons remained unchanged. These results suggest that
D1R-mediated dopaminergic transmission maintains the in-
formation flow through the cortico-striato-EPN direct pathway
to appropriately release motor actions.

Motor Behaviors and Spontaneous Activity of
EPN and GPe Neurons

Based on the classical model of the BG, dopaminergic inputs
exert excitatory effects on striatal direct pathway neurons
through D1Rs (Albin et al. 1989; DeLong 1990; Gerfen et al.

1990). Thus, the loss of dopaminergic inputs through D1Rs
would be expected to increasemean firing of EPNneurons and re-
sult in decreasedmotor activity. Increasedmean firing rateswere
originally reported in the GPi (EPN in rodents) of primate models
of PD (Miller and DeLong 1987; Filion and Tremblay 1991; Boraud
et al. 1998; Heimer et al. 2002;Wichmann et al. 2002). However, re-
cent studies have failed to detect the expected firing rate increase
in the GPi (Wichmann et al. 1999; Raz et al. 2000; Tachibana et al.
2011). Instead, abnormal firing patterns, such as bursts and oscil-
lations, were recorded in the BG of PD animals and patients (Raz
et al. 2000; Brown et al. 2001; Tachibana et al. 2011), and syn-
chronous activationmay disable the ability of individual neurons
to process and relay motor-related information, resulting in fail-
ure of appropriate movements (Bergman et al. 1998; Brown 2007).
The present study revealed that spontaneous motor activity in
the mice was decreased during suppression of D1R expression
(Fig. 2) without any prominent effects on spontaneous firing
rates in either the EPN or GPe (Table 1, Fig. 3). The results indicate
that the motor deficits during the absence of D1R-mediated
dopaminergic transmission cannot be explained simply by
changes in spontaneous firing rates in the EPN.

Cortically Evoked Responses of EPN and GPe Neurons

The BG receive inputs from a wide area of the cerebral cortex
(Mink 1996; Nambu et al. 2002). The information is processed
through the cortico-STN-EPN hyperdirect, cortico-striato-EPN
direct, and cortico-striato-GPe-STN-EPN indirect pathways and
reaches the EPN, the output station of the BG (Fig. 1A). During vol-
untarymovements, neuronal signals originating in the cortex are
considered to be transmitted through these pathways and reach
the EPN. Thus, evaluating howneuronal signals originating in the
motor cortex are transmitted through the BG is essential for as-
sessing the mechanism of abnormal motor behaviors. Cortical
stimulation induces neuronal activity in the BGmimicking infor-
mation processing during voluntary movements and providing
important clues for understanding the changes in information
processing through the BG (Chiken et al. 2008; Tachibana et al.
2008; Sano et al. 2013). Cortically evoked responses in the BG
are dramatically altered in hyper- and hypokinetic movement
disorders (Chiken et al. 2008; Kita and Kita 2011; Nishibayashi
et al. 2011).

Before Dox treatment, cortical stimulation induced a triphasic
response composed of early excitation, followed by inhibition
and late excitation in the EPN of D1RKD mice (Fig. 4A1); this is
the typical response in WT mice (Chiken et al. 2008, see Supple-
mentary Fig. 3B). D1RKDmice also showed normal behaviors and
similar spontaneous motor activity to WT mice despite a high
level of D1R expression, suggesting compensatory mechanisms,
such as desensitization of D1Rs (Staunton et al. 1982) and de-
crease of dopamine release. Transient increase of spontaneous
motor activity after cessation of Dox treatment (Fig. 2C) also sug-
gests involvement of compensatory mechanisms, such as sensi-
tization of D1Rs and increase of dopamine release. During
suppression of D1R expression, cortically evoked inhibition in
the EPN was mostly lost (Fig. 4A2, Table 2, see Supplementary
Fig. 2A). On the other hand, cortical stimulation induced a tripha-
sic response composed of early excitation, followed by inhibition
and late excitation in the GPe that was not changed during D1R
suppression (Fig. 4C, Table 2, see Supplementary Fig. 2B).

Many studies have revealed that cortically evoked early exci-
tation, inhibition, and late excitation in the EPN/GPi aremediated
by the hyperdirect, direct, and indirect pathways, respectively
(Maurice et al. 1999; Nambu et al. 2000, 2002; Tachibana et al.

Table 2 Cortically evoked responses of EPN and GPe neurons before,
during, and after Dox treatment in D1RKD mice

Before During Dox (5–22
days after starting
Dox treatment)

After

EPN
No. of
responded
neurons/No. of
tested neurons

75/125 (60%) 63/88 (72%) 24/33 (73%)

Early excitation
Latency (ms) 3.7 ± 1.0 3.5 ± 0.9 3.4 ± 0.8
Duration (ms) 3.8 ± 2.5 4.5 ± 2.7 3.8 ± 2.6
Amplitude
(spikes)

43.1 ± 30.2 58.1 ± 54.0 64.7 ± 56.4

Inhibition
Latency (ms) 11.0 ± 2.5 10.5 ± 2.5 10.3 ± 3.2
Duration (ms) 6.1 ± 5.9* 0.8 ± 1.5*,# 9.1 ± 6.2#

Amplitude
(spikes)

−27.4 ± 24.4* −3.2 ± 7.7*,# −39.3 ± 33.9#

Late excitation
Latency (ms) 19.2 ± 3.8* 14.1 ± 3.2*,# 21.0 ± 5.4#

Duration (ms) 7.7 ± 5.9 9.8 ± 6.1 7.1 ± 7.4
Amplitude
(spikes)

54.3 ± 54.2* 92.4 ± 79.3*,# 51.2 ± 71.6#

GPe
No. of
responded
neurons/No. of
tested neurons

67/114 (59%) 45/82 (55%) 18/30 (60%)

Early excitation
Latency (ms) 3.9 ± 1.3 4.1 ± 1.0 4.0 ± 1.4
Duration (ms) 5.4 ± 2.7 6.0 ± 3.5 5.9 ± 1.9
Amplitude
(spikes)

80.5 ± 48.7 83.5 ± 40.7 96.3 ± 42.8

Inhibition
Latency (ms) 10.8 ± 2.4 11.2 ± 2.6 11.8 ± 1.9
Duration (ms) 6.1 ± 5.4 7.3 ± 6.7 6.6 ± 10.6
Amplitude
(spikes)

−31.8 ± 30.6 −32.3 ± 24.9 −36.0 ± 74.7

Late excitation
Latency (ms) 20.2 ± 4.2 19.9 ± 4.0 19.8 ± 3.8
Duration (ms) 21.6 ± 36.0 17.2 ± 25.1 17.5 ± 16.5
Amplitude
(spikes)

196.1 ± 392.0 159.5 ± 292.7 162.5 ± 177.6

*,#P < 0.01, significantly different from each other (1-wayANOVAwith Tukey’s post

hoc test).
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the duration, P = 0.91 for the amplitude; late excitation, P = 0.72 for
the duration, P = 0.83 for the amplitude) were similar throughout
the 3 conditions.

Finally, we examined whether the effects of Dox to EPN
neurons described above were specifically observed in D1RKD
mice, but not in WT mice. We recorded neuronal activity in the
motor-related area of the EPN in 3 age-matched WT mice before
and during Dox treatment. In WT mice, Dox treatment did not
change the cortically evoked response in the EPN as observed
in PSTHs and population PSTHs (see Supplementary Fig. 3B).

Location of Recorded Neurons

Recording sites in the EPN (mouse W) and GPe (mouse K) of
D1RKD mice are shown in frontal sections using different sym-
bols based on cortically evoked response patterns (Fig. 5). EPN
neurons that responded to stimulation of the motor cortex were
distributed throughout themiddle and lateral parts of the EPN as

observed in WT mice (Chiken et al. 2008). The most common re-
sponse before Dox treatment was a triphasic response composed
of early excitation, followed by inhibition and late excitation
(Fig. 5A1). During Dox treatment, cortically evoked responses in
the same area mostly changed to biphasic excitation consisting
of early and late excitation (Fig. 5A2). GPe neurons that responded
to motor cortical stimulation were distributed in the middle and
lateral parts of theGPe as observed inWTmice (Chiken et al. 2008;
Sano et al. 2013). The most common response was triphasic both
before (Fig. 5B1) and during (Fig. 5B2) Dox treatment.

Discussion
The present study examined motor behaviors and neuronal ac-
tivity of the BG in the presence and absence of D1Rs using
novel D1RKD mice that we developed in which D1R expression
can be conditionally and reversibly regulated by Dox treatment.
Suppression of D1R expression by Dox treatment severely

Figure 4.Cortically evoked responses of EPN andGPeneurons duringD1R suppression. Cortically evoked responses of EPN (A) andGPe (C) neurons before (1), during (2), and

after (3) Dox treatment inD1RKDmice. Raster and peristimulus timehistograms (PSTHs; 100 trials; binwidth, 1 ms) for typical examples (left) and population PSTHs (right,

with Gaussian filter) are shown. Stimulationwas delivered at time 0 (arrows). Themean firing rate and statistical levels of P < 0.05 (1-tailed t-test) are indicated in PSTHs by

a black and white dashed line (mean) and black (upper limit) and white (lower limit) solid lines, respectively. The number of neurons used for population PSTHs is

indicated by n, and the shaded areas represent ±SD. (B) Population PSTHs (with Gaussian filter) of cortically evoked EPN responses constructed for each mouse (mouse

W, K, T, and O). Blue and red lines represent before and during Dox treatment, respectively.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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impaired motor behaviors in the mice. Cortically evoked inhib-
ition in the EPN, which is mediated by the cortico-striato-EPN
direct pathway, was mostly lost during suppression of D1R
expression, whereas spontaneous firing rates and patterns of
EPN neurons remained unchanged. These results suggest that
D1R-mediated dopaminergic transmission maintains the in-
formation flow through the cortico-striato-EPN direct pathway
to appropriately release motor actions.

Motor Behaviors and Spontaneous Activity of
EPN and GPe Neurons

Based on the classical model of the BG, dopaminergic inputs
exert excitatory effects on striatal direct pathway neurons
through D1Rs (Albin et al. 1989; DeLong 1990; Gerfen et al.

1990). Thus, the loss of dopaminergic inputs through D1Rs
would be expected to increasemean firing of EPNneurons and re-
sult in decreasedmotor activity. Increasedmean firing rateswere
originally reported in the GPi (EPN in rodents) of primate models
of PD (Miller and DeLong 1987; Filion and Tremblay 1991; Boraud
et al. 1998; Heimer et al. 2002;Wichmann et al. 2002). However, re-
cent studies have failed to detect the expected firing rate increase
in the GPi (Wichmann et al. 1999; Raz et al. 2000; Tachibana et al.
2011). Instead, abnormal firing patterns, such as bursts and oscil-
lations, were recorded in the BG of PD animals and patients (Raz
et al. 2000; Brown et al. 2001; Tachibana et al. 2011), and syn-
chronous activationmay disable the ability of individual neurons
to process and relay motor-related information, resulting in fail-
ure of appropriate movements (Bergman et al. 1998; Brown 2007).
The present study revealed that spontaneous motor activity in
the mice was decreased during suppression of D1R expression
(Fig. 2) without any prominent effects on spontaneous firing
rates in either the EPN or GPe (Table 1, Fig. 3). The results indicate
that the motor deficits during the absence of D1R-mediated
dopaminergic transmission cannot be explained simply by
changes in spontaneous firing rates in the EPN.

Cortically Evoked Responses of EPN and GPe Neurons

The BG receive inputs from a wide area of the cerebral cortex
(Mink 1996; Nambu et al. 2002). The information is processed
through the cortico-STN-EPN hyperdirect, cortico-striato-EPN
direct, and cortico-striato-GPe-STN-EPN indirect pathways and
reaches the EPN, the output station of the BG (Fig. 1A). During vol-
untarymovements, neuronal signals originating in the cortex are
considered to be transmitted through these pathways and reach
the EPN. Thus, evaluating howneuronal signals originating in the
motor cortex are transmitted through the BG is essential for as-
sessing the mechanism of abnormal motor behaviors. Cortical
stimulation induces neuronal activity in the BGmimicking infor-
mation processing during voluntary movements and providing
important clues for understanding the changes in information
processing through the BG (Chiken et al. 2008; Tachibana et al.
2008; Sano et al. 2013). Cortically evoked responses in the BG
are dramatically altered in hyper- and hypokinetic movement
disorders (Chiken et al. 2008; Kita and Kita 2011; Nishibayashi
et al. 2011).

Before Dox treatment, cortical stimulation induced a triphasic
response composed of early excitation, followed by inhibition
and late excitation in the EPN of D1RKD mice (Fig. 4A1); this is
the typical response in WT mice (Chiken et al. 2008, see Supple-
mentary Fig. 3B). D1RKDmice also showed normal behaviors and
similar spontaneous motor activity to WT mice despite a high
level of D1R expression, suggesting compensatory mechanisms,
such as desensitization of D1Rs (Staunton et al. 1982) and de-
crease of dopamine release. Transient increase of spontaneous
motor activity after cessation of Dox treatment (Fig. 2C) also sug-
gests involvement of compensatory mechanisms, such as sensi-
tization of D1Rs and increase of dopamine release. During
suppression of D1R expression, cortically evoked inhibition in
the EPN was mostly lost (Fig. 4A2, Table 2, see Supplementary
Fig. 2A). On the other hand, cortical stimulation induced a tripha-
sic response composed of early excitation, followed by inhibition
and late excitation in the GPe that was not changed during D1R
suppression (Fig. 4C, Table 2, see Supplementary Fig. 2B).

Many studies have revealed that cortically evoked early exci-
tation, inhibition, and late excitation in the EPN/GPi aremediated
by the hyperdirect, direct, and indirect pathways, respectively
(Maurice et al. 1999; Nambu et al. 2000, 2002; Tachibana et al.

Table 2 Cortically evoked responses of EPN and GPe neurons before,
during, and after Dox treatment in D1RKD mice

Before During Dox (5–22
days after starting
Dox treatment)

After

EPN
No. of
responded
neurons/No. of
tested neurons

75/125 (60%) 63/88 (72%) 24/33 (73%)

Early excitation
Latency (ms) 3.7 ± 1.0 3.5 ± 0.9 3.4 ± 0.8
Duration (ms) 3.8 ± 2.5 4.5 ± 2.7 3.8 ± 2.6
Amplitude
(spikes)

43.1 ± 30.2 58.1 ± 54.0 64.7 ± 56.4

Inhibition
Latency (ms) 11.0 ± 2.5 10.5 ± 2.5 10.3 ± 3.2
Duration (ms) 6.1 ± 5.9* 0.8 ± 1.5*,# 9.1 ± 6.2#

Amplitude
(spikes)

−27.4 ± 24.4* −3.2 ± 7.7*,# −39.3 ± 33.9#

Late excitation
Latency (ms) 19.2 ± 3.8* 14.1 ± 3.2*,# 21.0 ± 5.4#

Duration (ms) 7.7 ± 5.9 9.8 ± 6.1 7.1 ± 7.4
Amplitude
(spikes)

54.3 ± 54.2* 92.4 ± 79.3*,# 51.2 ± 71.6#

GPe
No. of
responded
neurons/No. of
tested neurons

67/114 (59%) 45/82 (55%) 18/30 (60%)

Early excitation
Latency (ms) 3.9 ± 1.3 4.1 ± 1.0 4.0 ± 1.4
Duration (ms) 5.4 ± 2.7 6.0 ± 3.5 5.9 ± 1.9
Amplitude
(spikes)

80.5 ± 48.7 83.5 ± 40.7 96.3 ± 42.8

Inhibition
Latency (ms) 10.8 ± 2.4 11.2 ± 2.6 11.8 ± 1.9
Duration (ms) 6.1 ± 5.4 7.3 ± 6.7 6.6 ± 10.6
Amplitude
(spikes)

−31.8 ± 30.6 −32.3 ± 24.9 −36.0 ± 74.7

Late excitation
Latency (ms) 20.2 ± 4.2 19.9 ± 4.0 19.8 ± 3.8
Duration (ms) 21.6 ± 36.0 17.2 ± 25.1 17.5 ± 16.5
Amplitude
(spikes)

196.1 ± 392.0 159.5 ± 292.7 162.5 ± 177.6

*,#P < 0.01, significantly different from each other (1-wayANOVAwith Tukey’s post

hoc test).
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).

2 | Cerebral Cortex

 at N
iigata U

niv A
sahim

achi on O
ctober 6, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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The cortically evoked triphasic response in the GPe is mediated
sequentially by the cortico-STN-GPe, cortico-striato-GPe, and corti-
co-striato-GPe-STN-GPe pathways (Maurice et al. 1999; Nambu
et al. 2000, 2002; Kita et al. 2004) (Fig. 1A). The maintained triphasic
response in theGPe in the absence of D1Rs (Fig. 4C, Table 2, see Sup-
plementary Fig. 2B) suggests that the excitability of these compo-
nents, including the cortex, striatal indirect pathway neurons, GPe,
and STN, remains unchanged despite the fact that D1Rs are also ex-
pressed atmoderate levels in the cortex (Fig. 1C; Fremeau et al. 1991;
Weiner et al. 1991; Gaspar et al. 1995). In situ hybridization study
using a D2R-specific riboprobe followed by immunohistochemistry
with Cre-specific antibody indicated that D1Rs may also be aber-
rantly expressed in striato-GPe indirect pathway neurons in trans-
genic mice expressing a Cre recombinase under the control of the
D1R regulatory elements (Lemberger et al. 2007). However, neither
spontaneousdischargesnorcorticallyevoked responses ofGPeneu-
rons changed during D1R suppression in our current electrophysio-
logical study (Figs 3B and 4C, Tables 1 and 2, see Supplementary
Fig. 2B), suggesting that they are less functional.

Recent studies have shown conflicting results regarding the
classical direct and indirect pathways model. Striatal neurons
projecting to the EPN also have axon collaterals to the GPe, indi-
cating no clear anatomical separation of the direct and indirect
pathways (Graybiel 2005; Lévesque and Parent 2005; Fujiyama
et al. 2011). Some striatal projection neurons express both D1Rs
andD2Rs (Surmeier et al. 1996). However, the present results sup-
port the original notion that striatal projection neurons can be
functionally separated into 2 groups, that is, one with D1Rs pro-
jecting to the EPN (GPi) and the other with D2Rs projecting to the
GPe (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Hersch et al.
1995; Sano et al. 2013). The axon terminals of striatal neurons that
express D1Rs in the GPe may be minor or less functional com-
pared with those with D2Rs.

D1R-Mediated Dopaminergic Transmission Maintains
the Information Flow Through the Direct Pathway to
Release Motor Actions

During D1R suppression, cortically evoked inhibition in the EPN
was mostly lost (Fig. 4A,B), and motor behaviors were severely
impaired (Fig. 2). Upon D1R re-expression, both the inhibition
andmotor behaviors were restored. This observation can explain
the mechanism of reduced motor activity during D1R suppres-
sion (see Supplementary Fig. 4). Under normal D1R expression
(see Supplementary Fig. 4, left), signals through the cortico-stria-
to-EPN direct pathway induce inhibition in the EPN. The phasic
inhibition in the EPN increases thalamocortical activity by disin-
hibitorymechanism and releasesmotor actions (Albin et al. 1989;
DeLong 1990; Gerfen et al. 1990; Mink 1996; Hikosaka et al. 2000;
Nambu et al. 2000, 2002; Nambu 2007; Kravitz et al. 2010). During
D1R suppression (see Supplementary Fig. 4, right), signals
through the cortico-striato-EPN direct pathway are strongly sup-
pressed and fail to induce inhibition in the EPN, resulting in the
reduced motor activity. Moreover, this observation suggests
that the loss of the phasic inhibition in the EPN through the direct
pathway, but not the firing rate or pattern changes, is a funda-
mental phenomenon in reduced motor activity during D1R sup-
pression. The reduction of spontaneous motor activity was
observed even in the first week of Dox treatment (Fig. 2A) when
the level of D1R expression was still higher than that in WT
mice (Fig. 1D). The loss of cortically evoked inhibition in EPN neu-
rons was already observed in the first half (5–14 days) of Dox
treatment (see Supplementary Fig. 3A). These results suggest
that relative decrease of D1R expression would be responsible

for the changes inmotor behavior and neuronal activity. Consid-
ering the fact that expression of D1Rs not only in the striatum but
also outside the striatum was suppressed during Dox treatment
in D1RKD mice (Fig. 1C), we cannot rule out the possibility that
loss of extrastriatal D1Rs were also involved in their behavioral
changes observed in the current study.

The present study revealed a crucial role for dopamine in
maintaining the dynamics of the BG circuitry: D1R-mediated
dopaminergic transmission maintains the information flow
through the cortico-striato-EPN (GPi) direct pathway to appropri-
ately release motor actions through disinhibitory mechanisms
(see Supplementary Fig. 4). The present results also suggest
that phasic activity changes in the EPN through the cortico-
striato-EPN direct pathway are fundamental to both normal
functions of the BG and the pathophysiology of movement
disorders. Dopamine deficiency impairs phasic activation of the
cortico-striato-EPN direct pathway and release of motor actions,
and would be involved in the bradykinesia seen in PD.
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Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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2008) (Fig. 1A). Thus, the loss of inhibition in the EPN during D1R
suppression indicates that information flow through the cortico-
striato-EPN direct pathwaywas strongly suppressed. Several pos-
sible mechanisms for this suppression can be considered. First,
the excitability of striatal direct pathway neurons may be de-
creased during D1R suppression. The heads of dendritic spines
of striatal projection neurons receive excitatory inputs from cor-
tical neurons, with the neck of the spine receiving dopaminergic
inputs through synapses and/or volume transmission (Hersch
et al. 1995; Smith and Kieval 2000; Arbuthnott and Wickens
2007). This spatial arrangement allows dopamine tomodulate in-
coming excitatory glutamatergic drive. D1Rs are coupled to Gs/olf,
which activates adenylyl cyclase and facilitates intrinsic excit-
ability and glutamate receptor-mediated responses in striatal
neurons (Hervé et al. 1995; Surmeier et al. 2007; Gerfen and
Surmeier 2011). D1R activation increases synaptic efficacy in

cortico-striatal synapses through long-term potentiation (Calab-
resi et al. 2007; Gerfen and Surmeier 2011). A significant loss of
dendritic spines on striatal projection neurons in PD has also
been reported (Villalba and Smith 2010). Second, other extrastria-
tal mechanisms can also be considered. A previous study (Kliem
et al. 2007) revealed that D1Rs are also expressed in striatal axon
terminals in the GPi, and their activation increases GABA release
from the striato-GPi axon terminals. Decreased GABA release
from the striato-EPN (homologous to GPi) terminals may contrib-
ute to loss of cortically evoked inhibition in the EPN. The EPN also
receives GABAergic inhibitory inputs from the GPe. However,
considering the fact that both spontaneous firing and the corti-
cally evoked response in the GPe remained unchanged during
D1R suppression (Fig. 3B, Fig. 4C, Tables 1 and 2, see Supplemen-
tary Fig. 2B), the GPe cannot be responsible for the attenuated cor-
tically evoked inhibition in the EPN.

Figure 5. Recording sites in the EPN (A) (Mouse W) and GPe (B) (Mouse K) of D1RKD mice before (1) and during (2) Dox treatment. Frontal sections are arranged

rostrocaudally from left to right, and the distance from bregma to each section is indicated. Locations of recorded neurons are indicated by different symbols based on

cortically evoked response patterns. ex, excitation; ic, internal capsule; inh, inhibition; ot, optic tract; Rt, reticular thalamic nucleus; Str, striatum.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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The cortically evoked triphasic response in the GPe is mediated
sequentially by the cortico-STN-GPe, cortico-striato-GPe, and corti-
co-striato-GPe-STN-GPe pathways (Maurice et al. 1999; Nambu
et al. 2000, 2002; Kita et al. 2004) (Fig. 1A). The maintained triphasic
response in theGPe in the absence of D1Rs (Fig. 4C, Table 2, see Sup-
plementary Fig. 2B) suggests that the excitability of these compo-
nents, including the cortex, striatal indirect pathway neurons, GPe,
and STN, remains unchanged despite the fact that D1Rs are also ex-
pressed atmoderate levels in the cortex (Fig. 1C; Fremeau et al. 1991;
Weiner et al. 1991; Gaspar et al. 1995). In situ hybridization study
using a D2R-specific riboprobe followed by immunohistochemistry
with Cre-specific antibody indicated that D1Rs may also be aber-
rantly expressed in striato-GPe indirect pathway neurons in trans-
genic mice expressing a Cre recombinase under the control of the
D1R regulatory elements (Lemberger et al. 2007). However, neither
spontaneousdischargesnorcorticallyevoked responses ofGPeneu-
rons changed during D1R suppression in our current electrophysio-
logical study (Figs 3B and 4C, Tables 1 and 2, see Supplementary
Fig. 2B), suggesting that they are less functional.

Recent studies have shown conflicting results regarding the
classical direct and indirect pathways model. Striatal neurons
projecting to the EPN also have axon collaterals to the GPe, indi-
cating no clear anatomical separation of the direct and indirect
pathways (Graybiel 2005; Lévesque and Parent 2005; Fujiyama
et al. 2011). Some striatal projection neurons express both D1Rs
andD2Rs (Surmeier et al. 1996). However, the present results sup-
port the original notion that striatal projection neurons can be
functionally separated into 2 groups, that is, one with D1Rs pro-
jecting to the EPN (GPi) and the other with D2Rs projecting to the
GPe (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Hersch et al.
1995; Sano et al. 2013). The axon terminals of striatal neurons that
express D1Rs in the GPe may be minor or less functional com-
pared with those with D2Rs.

D1R-Mediated Dopaminergic Transmission Maintains
the Information Flow Through the Direct Pathway to
Release Motor Actions

During D1R suppression, cortically evoked inhibition in the EPN
was mostly lost (Fig. 4A,B), and motor behaviors were severely
impaired (Fig. 2). Upon D1R re-expression, both the inhibition
andmotor behaviors were restored. This observation can explain
the mechanism of reduced motor activity during D1R suppres-
sion (see Supplementary Fig. 4). Under normal D1R expression
(see Supplementary Fig. 4, left), signals through the cortico-stria-
to-EPN direct pathway induce inhibition in the EPN. The phasic
inhibition in the EPN increases thalamocortical activity by disin-
hibitorymechanism and releasesmotor actions (Albin et al. 1989;
DeLong 1990; Gerfen et al. 1990; Mink 1996; Hikosaka et al. 2000;
Nambu et al. 2000, 2002; Nambu 2007; Kravitz et al. 2010). During
D1R suppression (see Supplementary Fig. 4, right), signals
through the cortico-striato-EPN direct pathway are strongly sup-
pressed and fail to induce inhibition in the EPN, resulting in the
reduced motor activity. Moreover, this observation suggests
that the loss of the phasic inhibition in the EPN through the direct
pathway, but not the firing rate or pattern changes, is a funda-
mental phenomenon in reduced motor activity during D1R sup-
pression. The reduction of spontaneous motor activity was
observed even in the first week of Dox treatment (Fig. 2A) when
the level of D1R expression was still higher than that in WT
mice (Fig. 1D). The loss of cortically evoked inhibition in EPN neu-
rons was already observed in the first half (5–14 days) of Dox
treatment (see Supplementary Fig. 3A). These results suggest
that relative decrease of D1R expression would be responsible

for the changes inmotor behavior and neuronal activity. Consid-
ering the fact that expression of D1Rs not only in the striatum but
also outside the striatum was suppressed during Dox treatment
in D1RKD mice (Fig. 1C), we cannot rule out the possibility that
loss of extrastriatal D1Rs were also involved in their behavioral
changes observed in the current study.

The present study revealed a crucial role for dopamine in
maintaining the dynamics of the BG circuitry: D1R-mediated
dopaminergic transmission maintains the information flow
through the cortico-striato-EPN (GPi) direct pathway to appropri-
ately release motor actions through disinhibitory mechanisms
(see Supplementary Fig. 4). The present results also suggest
that phasic activity changes in the EPN through the cortico-
striato-EPN direct pathway are fundamental to both normal
functions of the BG and the pathophysiology of movement
disorders. Dopamine deficiency impairs phasic activation of the
cortico-striato-EPN direct pathway and release of motor actions,
and would be involved in the bradykinesia seen in PD.
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oxfordjournals.org/.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).
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Introduction
In the basal ganglia (BG), dopaminergic transmission plays a piv-
otal role in the control of voluntarymovements andmotor learn-
ing (Albin et al. 1989; DeLong 1990; Gerfen et al. 1990; Graybiel
2005; Joshua et al. 2009; Enomoto et al. 2011). Dopamine defi-
ciency, as occurs in Parkinson’s disease (PD), results in severe
motor and nonmotor dysfunctions including bradykinesia, rigid-
ity, tremor, autonomic abnormalities, cognitive dysfunction, and
depression (Fahn et al. 2011; Seppi et al. 2011). Dopaminergic in-
puts from the substantia nigra pars compacta terminate in the
striatum and are thought to differentiallymodulate the excitabil-
ity of 2 types of striatal projection neurons through different re-
ceptors (Albin et al. 1989; DeLong 1990; Mallet et al. 2006)
(Fig. 1A, left). One is excitatory effects through dopamine D1 re-
ceptors (D1Rs) on direct pathway neurons that directly project
to the output nuclei of the BG, the entopeduncular nucleus
(EPN), which is homologous to the internal segment of the globus
pallidus (GPi) in primates, and substantia nigra pars reticulata
(SNr). The other is inhibitory effects through D2 receptors
(D2Rs) on indirect pathway neurons that project to the external

segment of the globus pallidus (GPe), which is also called the glo-
bus pallidus in rodents. Such differential effects of dopamine
through D1Rs and D2Rs were originally proposed based on
changes in gene expression, glucose utilization, and receptor
binding in these pathways under conditions of dopamine deple-
tion (Gerfen et al. 1990; Hirsch et al. 2000) and have been rein-
forced by recent in vitro electrophysiological studies (Surmeier
et al. 2007; Day et al. 2008; Flores-Barrera et al. 2011; Gerfen and
Surmeier 2011; Planert et al. 2013). The striato-EPN/SNr direct
and striato-GPe-subthalamo (STN)-EPN/SNr indirect pathways
play opposite roles in controlling movements. The signals
through the direct pathway reduce activity of the EPN/SNr and in-
crease thalamocortical activity via disinhibition, resulting in re-
lease of movements. In contrast, signals through the indirect
pathway increase activity of the EPN/SNr, resulting in suppres-
sion of movements (Albin et al. 1989; DeLong 1990; Gerfen et al.
1990; Mink 1996; Nambu 2007; Kravitz et al. 2010; Sano et al.
2013). Thus, the loss of dopaminergic inputs to both pathway
neurons is considered to increase firing rates of EPN/SNr neurons
through the inhibitory striato-EPN/SNr direct and net excitatory

Figure 1. Dopamine D1 receptor (D1R) suppression in D1R knockdown (D1RKD) mice with doxycycline (Dox) treatment. (A) Schematic diagram showing the cortico-basal

ganglia pathway and stimulating (Stim.) and recording (Rec.) sites in the electrophysiological experiments (left), along with a typical response pattern (right) in the

entopeduncular nucleus (EPN) (homologous to the internal segment of the globus pallidus, GPi) to cortical stimulation (Cx Stim.) with early excitation, inhibition, and

late excitation, which are mediated by the i) cortico-subthalamo (STN)-EPN hyperdirect, ii) cortico-striato-EPN direct, and iii) cortico-striato-external pallido (GPe)-

STN-EPN indirect pathways, respectively. Red, blue, and green triangles represent glutamatergic excitatory, GABAergic inhibitory, and dopaminergic projections,

respectively. D2Rs, dopamine D2 receptors; SNc, substantia nigra pars compacta. (B) Schematic diagram of Dox-regulated D1R expression in D1RKD mice. Before Dox

treatment (left), tetracycline transactivator (tTA) binds to the tetracycline responsive element (TRE), and D1Rs and lacZ are transcribed. Dox treatment interferes with

tTA binding to TRE (right), and suppresses D1R and lacZ expression (Tet-off system). (C) D1R immunoreactivity in the striatum (Str) of wild-type (WT, top), D1R

knockout (D1RKO, middle), and D1RKD (before Dox treatment, bottom) mice shown in frontal sections. The pattern of D1R expression in D1RKD mice was similar to

that in WT mice, whereas D1R immunoreactivity was not observed in D1RKO mice. The dorsolateral motor areas of the Str are defined by rectangles (left) and shown

at higher magnification (right). Scale bars, 1 mm on the left, 100 μm on the right. (D) Western blot analysis of D1R protein expression in the striatum of a D1RKO

mouse (n = 1, number of mice used), D1RKD mice before, during, and after Dox treatment (Days 0, 7, 14, 21, 28, different days after starting Dox treatment; After, 7 days

after cessation of Dox treatment for 14 days; n = 3–4 per condition), and WT mice (n = 3).

2 | Cerebral Cortex

 at N
iigata U

niv A
sahim

achi on O
ctober 6, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

striato-GPe-STN-EPN/SNr indirect pathways, resulting in the de-
creasedmotor activity seen in PD (Albin et al. 1989; DeLong 1990).

However, the exact role of D1R-mediated dopaminergic trans-
mission in vivo is not well understood. Contradicting results have
been observed following D1R blockade. D1R knockout (KO) mice
show increases in spontaneous locomotor activity, although
pharmacological blockade of D1Rs induces locomotor suppres-
sion in agreement with the above explanation (Waddington
et al. 2005). In the present study, we developed novel D1R knock-
down (D1RKD) mice in which the D1Rs can be conditionally and
reversibly regulated by doxycycline (Dox) treatment (Fig. 1B). The
D1RKDmice enabled us to examinemotor behaviors and neuron-
al activities in the cortico-BG pathways in the presence and ab-
sence of D1Rs in the same mice. The mice exhibited decreased
spontaneous motor activity and impaired motor ability when
D1R expression was suppressed, consistent with the pharmaco-
logical blockade study (Waddington et al. 2005). To examine the
neural mechanism of the motor deficits, we next recorded neur-
onal activity in the EPN in awake mice, because the EPN is the
main output nucleus of the BG to the thalamus and the target of
D1R-expressing striatal neurons. Cortically evoked inhibition in
the EPN, which ismediated by the cortico-striato-EPN direct path-
way, was mostly lost during suppression of D1R expression,
whereas spontaneous firing rates and patterns of EPN neurons re-
mained unchanged. These results indicate that D1R suppression
mostly blocks the information flow through the cortico-striato-
EPN direct pathway and reduces spontaneous motor activity.

Materials and Methods
Animal protocols were approved by the Institutional Animal Care
and Use Committee of National Institutes of Natural Sciences,
Kitasato University and Niigata University, and were conducted
according to the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. One to 5 mice
were housed in each cage under a 12-h light–dark cycle (lights
on at 8:00 AM) and given food and drinking water ad libitum.

Generation of Conditional and Reversible D1RKD Mice

We developed D1RKD mice in which D1Rs can be conditionally
and reversibly regulated byDox using the Tet-Off systemafter de-
letion of the endogenous D1Rs (Fig. 1B). To generate tetracycline
transactivator-VP16 (tTA)-expressing mice using the D1R pro-
moter (transactivator line), bacterial artificial chromosome
(BAC) clones containing mouse D1R were modified with a 2-step
Rec A strategy for BACmodification (Yang et al. 1997). Amodifica-
tion cassette that introduces the tTA into the endogenous D1R
coding sequence was constructed (see Supplementary Fig. 1A).
A DNA fragment (0.92 kb, A-arm) containing the upstream region
of the translation initiation site of D1R was ligated to the DNA
fragment (1.5 kb) containing the coding sequence of the tTA
and the SV40 poly A signal (poly A) of the pTet-off vector (Clon-
tech), and the resulting fragment was ligated to the DNA frag-
ment (0.96 kb, B-arm) of exon 2 of D1R to generate D1Txx, the
modification cassette (3.38 kb). Because the tTA and the SV40
poly A signal sequences were introduced at the initiation codon
ofD1R, the expression of endogenous D1Rwas disrupted. To gen-
erate the pSV1-RecA-D1T shuttle vector, the DNA fragment of
D1Txx was inserted into the pSV1-RecA vector to facilitate hom-
ologous recombination in RecA− Escherichia coli.

The BAC clone, BAC4-D1R (80 230 bp) (Research Genetics), was
used (see Supplementary Fig. 1B). RecA− E. coli carrying the origin-
al BAC clone were transformed with the pSV1-RecA-D1T shuttle

vector. The resulting clones were subjected to Southern analysis
using either a 5′ probe or tTA probe to confirm proper recombin-
ation (see Supplementary Fig. 1A). The BAC transgenic (Tg) con-
struct, BAC4-tTA, was obtained (see Supplementary Fig. 1B).

The Tg construct, D1R-tetracycline responsive element (D1R-
TRE), was generated for tetracycline operator (tetO)-target Tg
mouse lines using the following DNA fragments (see Supplemen-
tary Fig. 1C): a 9.7-kb fragment including the entireD1R coding se-
quence, a 0.64-kb fragment encoding the TRE and bidirectional
promoter from the pBI Tet vector (Clontech), a 3466-bp fragment
encoding lacZ from the pBI-GL Tet vector (Clontech), a 0.98-kb
fragment containing rabbit beta-globin poly A and SV40 poly A
signals from the pBstN plasmid, and a 0.3-kb fragment encoding
the chicken beta-globin insulator sequences from the plasmid
pUC19 INS240-SNNS.

The BAC4-tTA and D1R-TRE DNAs (10 ng/μL each) were used
for Tg mouse generation using standard techniques (Nagy et al.
2002). The BAC4-tTA and D1R-TRE DNAswere independently mi-
croinjected into fertilizedmouse oocytes isolated from crosses of
D1R homozygous knockout (D1RKO) female andmale mice (Tran
et al. 2008). Three Tg lines for BAC4-tTA and 15 Tg lines for D1R-
TRE were independently generated. Each BAC4-tTA Tg line was
crossed with each D1R-TRE Tg line. The progeny from crosses
of BAC4-tTA and D1R-TRE Tg mice was subjected to analyses of
Dox-controllable expression of lacZ using X-gal staining of
brain sections using a standard method and expression of D1R
in the striatum using western blotting with anti-D1R antibody
(Sigma). Two Tg lines harboring BAC4-tTA and D1R-TRE (desig-
nated 442–43 and 442–112) were consistently found to exhibit
distinct, comparable expression of lacZ in the region where en-
dogenous D1R was expressed and Dox-controllable expression
of lacZ and D1R. Therefore, the 442–112 line was used for further
analyses as D1RKD mice.

Wild-type (WT) C57BL/6J and D1RKO (Tran et al. 2008) mice
were also used for comparison in immunohistochemical, west-
ern blot, and behavioral analyses.

Dox Treatment

Dox (2.0 mg/mL) was mixed in drinking water containing 5% su-
crose and delivered to the D1RKD and WT mice through a water
bottle.

Immunohistochemistry

We used 4 D1RKD, 3 WT, and 1 D1RKO mice for immunohisto-
chemical analysis. Mice were deeply anesthetized by injection
of tribromoethanol (400 mg/kg body weight, i.p.) and perfused
transcardially with 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were postfixed overnight at 4°C, trans-
ferred to a 30% sucrose solution, immersed in OCT compound
(Sakura Finetek), frozen, and stored at −80°C until use. Frontal
sections were cut at 25-μm thickness and stored in PBS at 4°C.
Free-floating sections were incubated with 1% bovine serum al-
bumin containing antibody for D1R (1:1000; Frontier Institute)
overnight at 4°C. D1R antibody binding was visualized using the
Vectastain Elite ABC System (Vector Laboratories) and 3, 3′-
diaminobenzidine.

Western Blot Analysis

We used 19 D1RKD (3–4 in each condition, 0, 7, 14, 21, and 28 days
after starting Dox treatment and 7 days after cessation of Dox
treatment for 14 days), 3 WT, and 1 D1RKO mice for western
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Supplementary Figure 1. Construction of BAC4-tTA and D1R-TRE. (A) Schematic 

representation of mouse D1R and the modification cassette D1Txx for bacterial artificial 

chromosome (BAC) modification using a two-step Rec A strategy. The 5’ probe, tTA probe, 

A-arm and B-arm were used for Southern analysis. (B) Schematic representation of the BAC 

clone containing mouse D1R and the construct for generation of tTA-expressing transgenic (Tg) 

mice. BAC4-D1R was modified using homologous recombination with the pSV1-RecA-D1T 

shuttle vector (see Materials and Methods) to generate BAC4-tTA. (C) Schematic representation 

of the D1R-TRE construct for the generation of tetracycline operator-target Tg mice. The 

bidirectional tetracycline-responsive promoter leads to simultaneous expression of both D1R 

and lacZ depending on the action of tTA.  

 

Supplementary Figure 2.  Proportions of neurons in the entopeduncular nucleus (EPN, A) 

and external pallidum (GPe, B) classified according to the cortically evoked response patterns 

before, during, and after doxycycline (Dox) treatment in Dopamine D1 receptor knockdown 

(D1RKD) mice.  ex, excitation; inh, inhibition.  Response patterns can be grouped into 2 

groups: responses with inhibition, such as ex-inh-ex, ex-inh, inh-ex and inh, and responses 

without inhibition, such as ex-ex and ex.   

 

Supplementary Figure 3.  (A) Cortically evoked responses of EPN neurons in D1RKD mice 

in the first half (5–14 days after starting Dox treatment, 1) and in the latter half (15–22 days 

after starting Dox treatment, 2) of Dox treatment. Population peristimulus time histograms 

(population PSTHs, with Gaussian filter) are shown. Stimulation was delivered at time 0 

(arrows). The number of neurons is indicated by n, and the shaded areas represent ± SD. (B) 

Cortically evoked responses of EPN neurons before (1) and during (2) Dox treatment in 

wild-type (WT) mice. Raster and PSTHs (100 trials; bin width, 1 ms) for typical examples (left) 

and population PSTHs are shown. The mean firing rate and statistical levels of p < 0.05 

(one-tailed t-test) are indicated in PSTHs by a black and white dashed line (mean) and black 

(upper limit) and white (lower limit) solid lines, respectively.  

 

Supplementary Figure 4.  D1R-mediated dopaminergic transmission maintains the 

information flow through the cortico-striato-EPN (homologous to GPi) direct pathway to 

appropriately release motor actions. Under normal D1R expression (left), signals through the 

cortico-striato-EPN (GPi) direct pathway induce inhibition in the EPN (GPi) and release motor 

actions by disinhibiting the thalamus. During D1R suppression (right), the information flow 

through the cortico-striato-EPN (GPi) direct pathway is strongly suppressed and fails to induce 

inhibition in the EPN (GPi), resulting in the reduced motor activity. Open and shaded circles 

represent excitatory and inhibitory neurons, respectively.  
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foothold pegs to drink water (Nakamura et al., 2014). Durieux
et al. (2012) showed that the ablation of D1R medium spiny
neurons (MSNs) in the dorsolateral striatum (DLS) of mice
corresponding to the primate putamen decreases the learning
curve in rota-rod tasks. They also showed that the ablation
of D2R MSN in the dorsomedial striatum (DMS) of mice
corresponding to the primate caudate decreases the initial
learning curve of the task. These results of local ablation are
generally consistent with those of the entire striatal ablation of
D1R and D2R neurons (Durieux et al., 2012) and the results
of our behavioral experiments using general D1R and D2R KO
mice, suggesting that DLS and DMS play major roles in rota-rod
tasks. However, there are also differences in the results between
local ablation and general D1RKO andD2RKOmice (Nakamura
et al., 2014). The ablation of D1R MSNs in either DMS or the
entire striatum reduced locomotion in the open field, which
behavior is the reverse of general D1R KO mice. The ablation of
D2R MSNs in either DMS or the entire striatum does not affect
the late-phase performance (Durieux et al., 2012), whereas the
general D2R KO mice showed poorer leaning than WT mice in
the Step-Wheel tasks (Nakamura et al., 2014). These differences
between local ablation of DRs and general KO suggest that the
involvement and interaction between the striatum and other
brain regions.

To explore this possibility further, in this study we employed
the immediate early gene (IEG) mapping technique, with which
the neuronal activity in the cerebellum is monitored on the
basis of IEG expressions. Among eight IEGs we examined, c-
fos and jun-B showed marked expression and specific induction,
respectively, in the cerebellum immediately after the running
rota-rod tasks. Interestingly, by examining c-fos and jun-B
expressions in the vermis, Crus1, Cop and the flocculus in the
cerebellar hemisphere, we found significant expressions of c-fos
and jun-B 24 h after the stationary rota-rod tasks, during which
time the mice did not perform any motor tasks but were allowed
to move freely. We consider that this may be consistent with the
idea that motor sequence learning and adaptation progress with
time, through “consolidation” and “automatization” (Doyon
et al., 2009).

We therefore examined in detail the expression patterns of
c-fos and jun-B in the congenic D1R KO, D2R KO, and WT
mice after the stationary and running rota-rod tasks in order
to determine how cerebellar activities related to the D1R- and
D2R-dependent pathways. Although we have not confirmed the
alteration of c-fos expression patterns in the cerebellar flocculus
on days 1 and 5 after the rotating rota-rod tasks among the
three genotypes of mice, D1R KO, D2R KO, and WT mice,
we found significant expressions of c-fos and jun-B not only
immediately (30min) after the mice ran on the rota-rod but also
after handling them, and 30min and unexpectedly even 24 h after
the stationary rota-rod task. This observation led us to examine a
series of examination for c-fos and jun-B expression patterns. We
found that vestibular-controlled activities such as handling mice
and weighing caused significant c-fos and jun-B expressions in
cerebellar flocculus. However, there may be still some differences
in expressions 24 h after the stationary rota-rod task between the
naive and trained mice. Our results indicate that the analysis of

c-fos and jun-B expression patterns is a useful tool for studying
cerebellar activity, which may play a role complementary to
imaging studies such as functional MRI, because of the fine
resolution at the cellular level, in understanding the sequential
events of motor learning in the cerebellum.

Materials and Methods

The expression of eight IEGs was first examined in the cerebellum
of naive WT mice, that is, mice that did not experience any
motor tasks but were allowed to move freely. The IEG expression
patterns were examined in the mice that performed a rota-
rod task (Experiment 1). Next, we compared c-fos and jun-B
mRNA expression levels, in the cerebellar hemisphere, especially
the flocculus among the three genotypes of mice: D1R KO,
D2R KO, and WT mice (Experiment 2). Additionally, we
examined the expressions patterns of c-fos and jun-B in the mice
30min and 24 h after the stationary rota-rod tasks and 1-week
handling.

For Experiment 1, adult male mice (8–9 week old, n = 5,
C57BL/6J, Charles river laboratories Japan Inc.) were purchased.
For Experiment 2, mice lacking either D1R (n = 7) or D2R
(n = 9) were generated in accordance with the protocol
previously published (Yamaguchi et al., 1996; Tran et al., 2008)
and backcrossed for up to 10 generations with C57BL/6J (CLEA
Japan Inc.) mice. Their genotypes were determined by PCR
analysis of genomic DNA extracted from the tail of each mouse.
As a control, C57BL/6J WT mice were purchased. All mice
were housed individually in a plastic cage under 12 h light/dark
cycle (9:00–21:00) and given food (Rodent Diet CA-1, CE-2,
CLEA Japan Inc.) and water ad libitum. To encourage food
intake to maintain their health (Drago et al., 1994; McNamara
et al., 2003), D1R KO mice were additionally given palatable
food (Rodent Diet B-F, CLEA Japan Inc.) on the floor of their
cages. All the experiments were performed in accordance with
the guidelines of the National Institutes of Health and the
Ministry of Education, Culture, Sports, Science and Technology
(MEXT) of Japan, and were approved by the Institutional Animal
Care and Use Committees of the National Institutes of Natural
Sciences, Kitasato University School of Medicine, and Frontier
Biosciences of Osaka University. We made all efforts to minimize
the number of animals used and the incidence or severity of
distress experienced by the animals.

Motor Behavior Tasks
In Experiment 1, WT naive mice were initially group housed for
1 week until they were segregated and individually housed during
motor task training and testing as described in the Results. In
Experiment 2, the same mice that experienced series of two types
of motor tasks (rota-rod and Step-Wheel tasks) over a period of
4 months as described previously were used (Nakamura et al.,
2014, detailed history is shown in Figure 3 and Supplementary
chart 1). In these series of experiments, the mice were divided
into two groups for the rota-rod tasks: fast-slow (15–5 rpm)
and slow-fast (5–15 rpm) groups (Nakamura et al., 2014). The
mice were sacrificed at 10 months of age. We examined the
expression patterns of c-fos and jun-B in the WT mice that did
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We previously reported the different motor abilities of D1R knockout (KO), D2R KO and

wild-type (WT) mice. To understand the interaction between the cerebellum and the

striatal direct and indirect pathways, we examined the expression patterns of immediate

early genes (IEG) in the cerebellum of these three genotypes of mice. In the WT naive

mice, there was little IEG expression. However, we observed a robust expression of c-fos

mRNA in the vermis and hemisphere after running rota-rod tasks. In the vermis, c-foswas

expressed throughout the lobules except lobule 7, and also in crus 1 of the ansiform

lobule (Crus1), copula of the pyramis (Cop) and most significantly in the flocculus in

the hemisphere. jun-B was much less expressed but more preferentially expressed in

Purkinje cells. In addition, we observed significant levels of c-fos and jun-B expressions

after handling mice, and after the stationary rota-rod task in naive mice. Surprisingly, we

observed significant expression of c-fos and jun-B even 30min after single weighing.

Nonetheless, certain additional c-fos and jun-B expressions were observed in three

genotypes of the mice that experienced several sessions of motor tasks 24 h after

stationary rota-rod task and on days 1 and 5 after rota-rod tasks, but no significant

differences in expressions after the running rota-rod tasks were observed among the

three genotypes. In addition, there may be some differences 24 h after the stationary

rota-rod task between the naive mice and the mice that experienced several sessions of

motor tasks.

Keywords: IEG, c-fos, jun-B, rota-rod, striatum

Introduction

We have recently reported the distinct motor impairments of congenic dopamine D1 and D2
receptor KO mice in their performance of three different types of motor behavioral tasks, that is,
spontaneous motor activity tasks in the home cage, rota-rod tasks, and our own invented Step-
Wheel task (Kitsukawa et al., 2011). In the Step-Wheel task, mice run as they adjust their steps on
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foothold pegs to drink water (Nakamura et al., 2014). Durieux
et al. (2012) showed that the ablation of D1R medium spiny
neurons (MSNs) in the dorsolateral striatum (DLS) of mice
corresponding to the primate putamen decreases the learning
curve in rota-rod tasks. They also showed that the ablation
of D2R MSN in the dorsomedial striatum (DMS) of mice
corresponding to the primate caudate decreases the initial
learning curve of the task. These results of local ablation are
generally consistent with those of the entire striatal ablation of
D1R and D2R neurons (Durieux et al., 2012) and the results
of our behavioral experiments using general D1R and D2R KO
mice, suggesting that DLS and DMS play major roles in rota-rod
tasks. However, there are also differences in the results between
local ablation and general D1RKO andD2RKOmice (Nakamura
et al., 2014). The ablation of D1R MSNs in either DMS or the
entire striatum reduced locomotion in the open field, which
behavior is the reverse of general D1R KO mice. The ablation of
D2R MSNs in either DMS or the entire striatum does not affect
the late-phase performance (Durieux et al., 2012), whereas the
general D2R KO mice showed poorer leaning than WT mice in
the Step-Wheel tasks (Nakamura et al., 2014). These differences
between local ablation of DRs and general KO suggest that the
involvement and interaction between the striatum and other
brain regions.

To explore this possibility further, in this study we employed
the immediate early gene (IEG) mapping technique, with which
the neuronal activity in the cerebellum is monitored on the
basis of IEG expressions. Among eight IEGs we examined, c-
fos and jun-B showed marked expression and specific induction,
respectively, in the cerebellum immediately after the running
rota-rod tasks. Interestingly, by examining c-fos and jun-B
expressions in the vermis, Crus1, Cop and the flocculus in the
cerebellar hemisphere, we found significant expressions of c-fos
and jun-B 24 h after the stationary rota-rod tasks, during which
time the mice did not perform any motor tasks but were allowed
to move freely. We consider that this may be consistent with the
idea that motor sequence learning and adaptation progress with
time, through “consolidation” and “automatization” (Doyon
et al., 2009).

We therefore examined in detail the expression patterns of
c-fos and jun-B in the congenic D1R KO, D2R KO, and WT
mice after the stationary and running rota-rod tasks in order
to determine how cerebellar activities related to the D1R- and
D2R-dependent pathways. Although we have not confirmed the
alteration of c-fos expression patterns in the cerebellar flocculus
on days 1 and 5 after the rotating rota-rod tasks among the
three genotypes of mice, D1R KO, D2R KO, and WT mice,
we found significant expressions of c-fos and jun-B not only
immediately (30min) after the mice ran on the rota-rod but also
after handling them, and 30min and unexpectedly even 24 h after
the stationary rota-rod task. This observation led us to examine a
series of examination for c-fos and jun-B expression patterns. We
found that vestibular-controlled activities such as handling mice
and weighing caused significant c-fos and jun-B expressions in
cerebellar flocculus. However, there may be still some differences
in expressions 24 h after the stationary rota-rod task between the
naive and trained mice. Our results indicate that the analysis of

c-fos and jun-B expression patterns is a useful tool for studying
cerebellar activity, which may play a role complementary to
imaging studies such as functional MRI, because of the fine
resolution at the cellular level, in understanding the sequential
events of motor learning in the cerebellum.

Materials and Methods

The expression of eight IEGs was first examined in the cerebellum
of naive WT mice, that is, mice that did not experience any
motor tasks but were allowed to move freely. The IEG expression
patterns were examined in the mice that performed a rota-
rod task (Experiment 1). Next, we compared c-fos and jun-B
mRNA expression levels, in the cerebellar hemisphere, especially
the flocculus among the three genotypes of mice: D1R KO,
D2R KO, and WT mice (Experiment 2). Additionally, we
examined the expressions patterns of c-fos and jun-B in the mice
30min and 24 h after the stationary rota-rod tasks and 1-week
handling.

For Experiment 1, adult male mice (8–9 week old, n = 5,
C57BL/6J, Charles river laboratories Japan Inc.) were purchased.
For Experiment 2, mice lacking either D1R (n = 7) or D2R
(n = 9) were generated in accordance with the protocol
previously published (Yamaguchi et al., 1996; Tran et al., 2008)
and backcrossed for up to 10 generations with C57BL/6J (CLEA
Japan Inc.) mice. Their genotypes were determined by PCR
analysis of genomic DNA extracted from the tail of each mouse.
As a control, C57BL/6J WT mice were purchased. All mice
were housed individually in a plastic cage under 12 h light/dark
cycle (9:00–21:00) and given food (Rodent Diet CA-1, CE-2,
CLEA Japan Inc.) and water ad libitum. To encourage food
intake to maintain their health (Drago et al., 1994; McNamara
et al., 2003), D1R KO mice were additionally given palatable
food (Rodent Diet B-F, CLEA Japan Inc.) on the floor of their
cages. All the experiments were performed in accordance with
the guidelines of the National Institutes of Health and the
Ministry of Education, Culture, Sports, Science and Technology
(MEXT) of Japan, and were approved by the Institutional Animal
Care and Use Committees of the National Institutes of Natural
Sciences, Kitasato University School of Medicine, and Frontier
Biosciences of Osaka University. We made all efforts to minimize
the number of animals used and the incidence or severity of
distress experienced by the animals.

Motor Behavior Tasks
In Experiment 1, WT naive mice were initially group housed for
1 week until they were segregated and individually housed during
motor task training and testing as described in the Results. In
Experiment 2, the same mice that experienced series of two types
of motor tasks (rota-rod and Step-Wheel tasks) over a period of
4 months as described previously were used (Nakamura et al.,
2014, detailed history is shown in Figure 3 and Supplementary
chart 1). In these series of experiments, the mice were divided
into two groups for the rota-rod tasks: fast-slow (15–5 rpm)
and slow-fast (5–15 rpm) groups (Nakamura et al., 2014). The
mice were sacrificed at 10 months of age. We examined the
expression patterns of c-fos and jun-B in the WT mice that did
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We previously reported the different motor abilities of D1R knockout (KO), D2R KO and

wild-type (WT) mice. To understand the interaction between the cerebellum and the

striatal direct and indirect pathways, we examined the expression patterns of immediate

early genes (IEG) in the cerebellum of these three genotypes of mice. In the WT naive

mice, there was little IEG expression. However, we observed a robust expression of c-fos

mRNA in the vermis and hemisphere after running rota-rod tasks. In the vermis, c-foswas

expressed throughout the lobules except lobule 7, and also in crus 1 of the ansiform

lobule (Crus1), copula of the pyramis (Cop) and most significantly in the flocculus in

the hemisphere. jun-B was much less expressed but more preferentially expressed in

Purkinje cells. In addition, we observed significant levels of c-fos and jun-B expressions

after handling mice, and after the stationary rota-rod task in naive mice. Surprisingly, we

observed significant expression of c-fos and jun-B even 30min after single weighing.

Nonetheless, certain additional c-fos and jun-B expressions were observed in three

genotypes of the mice that experienced several sessions of motor tasks 24 h after

stationary rota-rod task and on days 1 and 5 after rota-rod tasks, but no significant

differences in expressions after the running rota-rod tasks were observed among the

three genotypes. In addition, there may be some differences 24 h after the stationary

rota-rod task between the naive mice and the mice that experienced several sessions of

motor tasks.

Keywords: IEG, c-fos, jun-B, rota-rod, striatum

Introduction

We have recently reported the distinct motor impairments of congenic dopamine D1 and D2
receptor KO mice in their performance of three different types of motor behavioral tasks, that is,
spontaneous motor activity tasks in the home cage, rota-rod tasks, and our own invented Step-
Wheel task (Kitsukawa et al., 2011). In the Step-Wheel task, mice run as they adjust their steps on
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FIGURE 1 | Expression patterns of eight IEGs in the cerebellum

of naive mice. Vermis (left panel), hemisphere (middle panel),

and the magnified image within the box in the middle panel

showing flocculus (right panel). Each row shows expression

patterns of eight IEGs (from top to bottom: c-fos, fos-B, jun-B,

c-jun, jun-D).

of jun-B were observed in the molecular layer. We observed
some weak expression of fos-B in the flocculus as well. In the
cerebellar slices, although we previously observed significant zif-
268 expression (Nakazawa et al., 1993), here we observed only

a generally moderate expression of zif-268 under the present
condition. krox 20 was also expressed to some extent in the
flocculus. Note that the adjacent external layer of the inferior
colliculus expressed arc and zif-268 at certain levels, which may
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not previously experience any motor task at 30min (n = 3)
and 24 h (n = 3) after the stationary (0 rpm) rota-rod task. The
rota-rod apparatus (MK-660A, Muromachi Kikai Co., Ltd.) was
used. The rod diameter was 3 cm and the rotation speed was
10 rpm (Experiment 1) or 5 rpm (Experiment 2). In the running
rota-rod tasks, a trial was considered when any one of the
following three events occurred: The mouse (1) fell, (2) remained
on the rod up to 60 s (Experiment 1) or 120 s (Experiment 2),
or (3) clung to the rod for two complete turns, in which the
mouse was considered to have fallen. The duration (retention
times) that the mouse remained on the rod was recorded as
the score. Five trials (Experiment 1) or three trials (Experiment
2) per day were performed and the interval between the trials
was set at 30–60 s, during which time, the mice were placed
in their home cages. Presessions consisted of trials for 1 day
(Experiment 1) or 3 days (Experiment 2), during which the mice
were placed on a stationary rod for habituation to the apparatus.
Following the presessions, the running experiments were started.
In Experiment 1, the mice were sacrificed 30min after the last
trial on day 1 (n = 2). In Experiment 2, the mice were divided
into 3 groups: Pre (WT, n = 2; D1R KO, n = 2; D2R KO, n = 3),
day 1 (WT, n = 3; D1R KO, n = 3; D2R KO, n = 3), and day
5 (WT, n = 3; D1R KO, n = 2; D2R KO, n = 3) groups. The
mice of the Pre group were sacrificed on day 1, that is, the next
day after the presessions (24 h after riding on the stationary rod).
For the days 1 and 5 groups, the mice were sacrificed 30min after
the last trial. The rota-rod tasks were performed during the light
phase (13:00-19:00). For this series of experiments, we weighed
30min before the decapitation except for naive mice in which no
weighing was done at least for a week before sacrifice.

Handling
To investigate the effects of handling, WT mice (n = 2) that
did not experience any motor tasks were handled for 1 week.
The mice were placed on the palm of an experimenter for about
3min per day. On the last day, the mice were decapitated 30min
after they were handled. On the other hand, the naive mice
(n = 2) were fed ad libitum, and exposed to external factors as
minimally as possible including experimenters and immediately
decapitated.

In Situ Hybridization (ISH)
In situ hybridization (ISH) was performed as described
previously (Schaeren-Wiemers and Gerfin-Moser, 1993; Liang
et al., 2000; Komatsu et al., 2005) with some modifications.
The mice were quickly decapitated. The brain was removed,
embedded in O.C.T. compound (Sakura) and quickly frozen in
isopentane cooled with liquid nitrogen. Sections (10µm thick)
were cut on a cryostat (CM3050, Leica), thaw-mounted on
slides (MAS coated glass slides, Matsunami), and air-dried. The
sections were fixed in 4% paraformaldehyde (PFA) in 0.1M
phosphate buffer (PB, pH 7.3) for 15min, washed three times
in PBS, pH 7.4, acetylated for 10min in 0.25% acetic anhydride
in 0.1M triethanolamine-HCl, pH 8.0, and washed three times
with PBS. Prehybridization was performed using hybridization
buffer [50% formamide, 5 × SSC (20 × SSC in 3M NaCl, 0.3M
sodium citrate, pH 7.0), 5× Denhardt’s, 250µg/ml yeast tRNA,

and 500µg/ml salmon sperm DNA] for 30min. DIG-labeled
cRNAprobes were denatured for 2min at 82◦C and chilled on ice.
The sections were covered with hybridization buffer containing
1µg/ml of the cRNA probes, added dropwise, and coverslipped.
The information of each probes used in this study is shown in
Supplementary Table 1. The slides were incubated overnight (14–
18 h) at 72◦C in a humidified chamber (50% formaldehyde, 5 ×
SSC), washed three times with 0.2× SSC at 72◦C, and then rinsed
with TBS, pH 7.5 (100mM Tris-HCl, pH 7.5, 150mM NaCl). To
detect the hybridized probes, the sections were blocked with 1×
blocking solution (Roche) in TBS, pH 7.5, for 30min, and then
incubated in the blocking solution with an alkaline phosphatase
(AP)-conjugated anti-DIG antibody (1:1000 dilution, Roche)
overnight at 4◦C. The sections were rinsed three times with
TBS, pH 7.5, and equilibrated in TBS, pH 9.5 (100mM Tris-
HCl, pH 9.5, 100mM NaCl, 50mM MgCl2). Enzymatic activity
was visualized by staining with 0.2mM 5-bromo-4-chloro-3-
indolyl-phosphate, 0.2mM nitroblue tetrazolium (NBT/BCIP) in
TBS, pH 9.5, in the dark, until the signal reached a satisfactory
intensity. After a brief wash in PBS and distilled water, the
sections were dehydrated in a series of gradually increasing
concentrations of ethanol solutions. After immersion in xylene,
the sections were mounted in Entellan, a new rapid mounting
medium (Merck).

Results

IEG Expression Patterns in the Cerebellum
We examined the IEG expression patterns in the cerebellum.
In our previous study, we examined the expression patterns
of IEGs including the fos and jun families in cerebellar slices
without and with treatment with α-amino-3-hydroxy-5-methyl-
4-isoxazole-propionate (AMPA) and/or 8-bromo-cGMP (8-Br-
cGMP) (Nakazawa et al., 1993). That study showed that untreated
slices express low levels of IEGs but slices treated with AMPA
and 8-Br-cGMP express high levels of c-fos, jun-B and zif-
268 (NGFI-A). Following that study, we first examined IEG
expression patterns in the cerebellum. Naive mice that were
moving freely but doing no specific tasks were sacrificed, and the
IEG expression patterns of the fos family (c-fos, fos-B), jun family
(jun-B, c-jun, and jun-D), and other IEGs of zif-268 (egr 1, NGFI-
A), krox 20 (egr 2, NGFI-B), and arc were examined immediately
after the sacrifice (see Materials and Methods). Consistent with
the previous results, we observed little expression of these eight
IEGs in the cerebellum of naive mice (Figures 1, 2). We next
examined the expression patterns of these IEGs immediately
after the mice performed five trials of running rota-rod tasks
(Figure 3A). The mice were sacrificed 30min after the last
trial and the IEG expression patterns in the cerebellum were
examined (Figures 4, 5). Among the members of the fos and
jun families, c-fos was expressed in almost all the lobules of the
vermis (except lobule 7), and Crus1, Cop and most significantly
in the flocculus in the hemisphere. It is strongly expressed in
the granular and Purkinje layers, and some intense signals were
observed in the molecular layer. jun-B was also expressed in
the same regions as c-fos was expressed but more preferentially
in Purkinje cells and some sparsely scattered intense signals
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FIGURE 1 | Expression patterns of eight IEGs in the cerebellum

of naive mice. Vermis (left panel), hemisphere (middle panel),

and the magnified image within the box in the middle panel

showing flocculus (right panel). Each row shows expression

patterns of eight IEGs (from top to bottom: c-fos, fos-B, jun-B,

c-jun, jun-D).

of jun-B were observed in the molecular layer. We observed
some weak expression of fos-B in the flocculus as well. In the
cerebellar slices, although we previously observed significant zif-
268 expression (Nakazawa et al., 1993), here we observed only

a generally moderate expression of zif-268 under the present
condition. krox 20 was also expressed to some extent in the
flocculus. Note that the adjacent external layer of the inferior
colliculus expressed arc and zif-268 at certain levels, which may
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not previously experience any motor task at 30min (n = 3)
and 24 h (n = 3) after the stationary (0 rpm) rota-rod task. The
rota-rod apparatus (MK-660A, Muromachi Kikai Co., Ltd.) was
used. The rod diameter was 3 cm and the rotation speed was
10 rpm (Experiment 1) or 5 rpm (Experiment 2). In the running
rota-rod tasks, a trial was considered when any one of the
following three events occurred: The mouse (1) fell, (2) remained
on the rod up to 60 s (Experiment 1) or 120 s (Experiment 2),
or (3) clung to the rod for two complete turns, in which the
mouse was considered to have fallen. The duration (retention
times) that the mouse remained on the rod was recorded as
the score. Five trials (Experiment 1) or three trials (Experiment
2) per day were performed and the interval between the trials
was set at 30–60 s, during which time, the mice were placed
in their home cages. Presessions consisted of trials for 1 day
(Experiment 1) or 3 days (Experiment 2), during which the mice
were placed on a stationary rod for habituation to the apparatus.
Following the presessions, the running experiments were started.
In Experiment 1, the mice were sacrificed 30min after the last
trial on day 1 (n = 2). In Experiment 2, the mice were divided
into 3 groups: Pre (WT, n = 2; D1R KO, n = 2; D2R KO, n = 3),
day 1 (WT, n = 3; D1R KO, n = 3; D2R KO, n = 3), and day
5 (WT, n = 3; D1R KO, n = 2; D2R KO, n = 3) groups. The
mice of the Pre group were sacrificed on day 1, that is, the next
day after the presessions (24 h after riding on the stationary rod).
For the days 1 and 5 groups, the mice were sacrificed 30min after
the last trial. The rota-rod tasks were performed during the light
phase (13:00-19:00). For this series of experiments, we weighed
30min before the decapitation except for naive mice in which no
weighing was done at least for a week before sacrifice.

Handling
To investigate the effects of handling, WT mice (n = 2) that
did not experience any motor tasks were handled for 1 week.
The mice were placed on the palm of an experimenter for about
3min per day. On the last day, the mice were decapitated 30min
after they were handled. On the other hand, the naive mice
(n = 2) were fed ad libitum, and exposed to external factors as
minimally as possible including experimenters and immediately
decapitated.

In Situ Hybridization (ISH)
In situ hybridization (ISH) was performed as described
previously (Schaeren-Wiemers and Gerfin-Moser, 1993; Liang
et al., 2000; Komatsu et al., 2005) with some modifications.
The mice were quickly decapitated. The brain was removed,
embedded in O.C.T. compound (Sakura) and quickly frozen in
isopentane cooled with liquid nitrogen. Sections (10µm thick)
were cut on a cryostat (CM3050, Leica), thaw-mounted on
slides (MAS coated glass slides, Matsunami), and air-dried. The
sections were fixed in 4% paraformaldehyde (PFA) in 0.1M
phosphate buffer (PB, pH 7.3) for 15min, washed three times
in PBS, pH 7.4, acetylated for 10min in 0.25% acetic anhydride
in 0.1M triethanolamine-HCl, pH 8.0, and washed three times
with PBS. Prehybridization was performed using hybridization
buffer [50% formamide, 5 × SSC (20 × SSC in 3M NaCl, 0.3M
sodium citrate, pH 7.0), 5× Denhardt’s, 250µg/ml yeast tRNA,

and 500µg/ml salmon sperm DNA] for 30min. DIG-labeled
cRNAprobes were denatured for 2min at 82◦C and chilled on ice.
The sections were covered with hybridization buffer containing
1µg/ml of the cRNA probes, added dropwise, and coverslipped.
The information of each probes used in this study is shown in
Supplementary Table 1. The slides were incubated overnight (14–
18 h) at 72◦C in a humidified chamber (50% formaldehyde, 5 ×
SSC), washed three times with 0.2× SSC at 72◦C, and then rinsed
with TBS, pH 7.5 (100mM Tris-HCl, pH 7.5, 150mM NaCl). To
detect the hybridized probes, the sections were blocked with 1×
blocking solution (Roche) in TBS, pH 7.5, for 30min, and then
incubated in the blocking solution with an alkaline phosphatase
(AP)-conjugated anti-DIG antibody (1:1000 dilution, Roche)
overnight at 4◦C. The sections were rinsed three times with
TBS, pH 7.5, and equilibrated in TBS, pH 9.5 (100mM Tris-
HCl, pH 9.5, 100mM NaCl, 50mM MgCl2). Enzymatic activity
was visualized by staining with 0.2mM 5-bromo-4-chloro-3-
indolyl-phosphate, 0.2mM nitroblue tetrazolium (NBT/BCIP) in
TBS, pH 9.5, in the dark, until the signal reached a satisfactory
intensity. After a brief wash in PBS and distilled water, the
sections were dehydrated in a series of gradually increasing
concentrations of ethanol solutions. After immersion in xylene,
the sections were mounted in Entellan, a new rapid mounting
medium (Merck).

Results

IEG Expression Patterns in the Cerebellum
We examined the IEG expression patterns in the cerebellum.
In our previous study, we examined the expression patterns
of IEGs including the fos and jun families in cerebellar slices
without and with treatment with α-amino-3-hydroxy-5-methyl-
4-isoxazole-propionate (AMPA) and/or 8-bromo-cGMP (8-Br-
cGMP) (Nakazawa et al., 1993). That study showed that untreated
slices express low levels of IEGs but slices treated with AMPA
and 8-Br-cGMP express high levels of c-fos, jun-B and zif-
268 (NGFI-A). Following that study, we first examined IEG
expression patterns in the cerebellum. Naive mice that were
moving freely but doing no specific tasks were sacrificed, and the
IEG expression patterns of the fos family (c-fos, fos-B), jun family
(jun-B, c-jun, and jun-D), and other IEGs of zif-268 (egr 1, NGFI-
A), krox 20 (egr 2, NGFI-B), and arc were examined immediately
after the sacrifice (see Materials and Methods). Consistent with
the previous results, we observed little expression of these eight
IEGs in the cerebellum of naive mice (Figures 1, 2). We next
examined the expression patterns of these IEGs immediately
after the mice performed five trials of running rota-rod tasks
(Figure 3A). The mice were sacrificed 30min after the last
trial and the IEG expression patterns in the cerebellum were
examined (Figures 4, 5). Among the members of the fos and
jun families, c-fos was expressed in almost all the lobules of the
vermis (except lobule 7), and Crus1, Cop and most significantly
in the flocculus in the hemisphere. It is strongly expressed in
the granular and Purkinje layers, and some intense signals were
observed in the molecular layer. jun-B was also expressed in
the same regions as c-fos was expressed but more preferentially
in Purkinje cells and some sparsely scattered intense signals
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FIGURE 3 | Experimental schedules. Schematic experimental procedures

for Experiments 1 and 2. (A) Experiment 1. (B) Experiment 2, WT, D1R KO,

and D2R KO mice, training schedule. (C) Experiment 2, sampling schedule.

(D) Experiment 2, 30min and 24 h after stationary rota-rod task.

Abbreviations: nor Br, normal breeding; Se., session group; RR, rota-rod;

SW, Step-Wheel; w, week; d, day; h, hour; m, minute; s, second. The width

and height of the black bar represent task time and speed of rota-rod,

respectively.

(30min) after handling (Figure 6). In the hemisphere, we found
moderately high expression levels in Crus1, and Cop and high
expression levels in the flocculus. The expressions of c-fos and
jun-Bwere probably induced by the attempts of mice to maintain
their balance on the palm of the hand during the handling. The
expression patterns of c-fos and jun-B appeared to be overall
similar between the conditions (handling, stationary and running
rota-rod), although there may have been some differences. We
also found the expression of these genes not only immediately
(30min) after but also 24 h after the stationary rota-rod task for
WT naive mice (Figures 3D, 7A,B) and for the same duration in
the D1R KO, D2R KO, WT trained mice (Figures 3B,C, 8, three
sessions as the trained mice). The expressions of c-fos and jun-B
in the flocculus even 24 h after the stationary rota-rod task was
unexpected because IEG expressions would not last for such a

long time. We weighed the mice 30min prior to increase their
sacrifice 24 h after the stationary rota-rod task. The weighing
involved placing the mice on the scales of a balance, which may
have activated the vestibular systems. It was indeed the case
because we observed significant expression of c-fos and jun-B
30min after only single weighing (Supplementary Figure 3A).
We also examined the expression patterns of these two IEGs 24 h
after the stationary rota-rod task in the mice that experienced
several sessions of the wheel running and rota-rod tasks (rotating
rota-rod and Step-Wheel tasks, see Materials and Methods for
details, Figure 8). In the naive mice, which only experienced the
stationary rota-rod task, the expression levels of c-fos and jun-B
were reduced to some extent but were still significant. In the mice
that experienced several sessions of motor tasks, the expressions,
in particular that of jun-B, appeared to be more sustained
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FIGURE 2 | Expression patterns of eight IEGs in the cerebellum of naive mice. Vermis (left panel), hemisphere (middle panel), and the magnified image

within the box in the middle panel showing flocculus (right panel). Each row shows expression patterns of eight IEGs (from top to bottom: zif-268, krox 20, arc).

be used as internal controls for evaluating the IEG expression
levels in the cerebellum. Overall, c-fos and jun-B among the IEGs
examined in the flocculus showed most prominent expressions
immediately (30min) after the rota-rod running tasks. Therefore,
hereinafter, we focused on the expression patterns of c-fos and
jun-B in the flocculus.

c-fos and jun-B expression Patterns in Stationary
Rota-Rod Task in Naive Mice
As we mentioned in Introduction, we were interested in the
functional relationship between the cerebellum and the striatum
and explored a model experimental system. Dopamine receptors
are distributed in certain brain regions (Gingrich and Caron,
1993). However, our previous studies demonstrated that D1R
KO and D2R KOmice showed distinguished motor impairments
(Nakamura et al., 2014). In the running rota-rod tasks, the
impairments were largely similar to those resulting from local
ablation of D1R neurons and D2R neurons in DLS and DMS
(Durieux et al., 2012), respectively. These results suggest that
when using D1R KO and D2R KO mice in the rota-rod
tasks, the main target is the striatum. We therefore used D1R
KO and D2R KO mice to examine the cerebellar flocculus

IEG (c-fos and jun-B) expression patterns and the relationship
between the striatum and the cerebellum in relation to motor
learning.

We first examined the expression patterns of c-fos and jun-
B in the stationary rota-rod task. In this task, a mouse was
placed on a non-rotating bar with a thickness about half the
length of the mouse’s body. This task was not too difficult for
mice to perform, and not only WT mice but also D1R KO
and D2R KO mice were able to stay for the time examined
(Supplementary Figure 2). Nonetheless, this task requires mice to
balance on the bar and therefore activates related brain regions.
In parallel, we first examined the c-fos and jun-B expression
patterns in the cerebellum of WT mice after they were handled
for 1 week (Figure 6). Herein, from Figures 6–10 for all the
ISH data, we examined 6–13 sections of the cerebellums of
individual mice under each motor condition as described for
each figure. We examined two to five sections of the vermis
and four to nine sections of the hemisphere in each mouse, and
here used the sections that showed the highest signal intensity
of the IEG expression in the flocculus among the sections of the
cerebellum under each condition. We were surprised to find high
expression levels of c-fos and jun-B in the cerebellum immediately
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FIGURE 3 | Experimental schedules. Schematic experimental procedures

for Experiments 1 and 2. (A) Experiment 1. (B) Experiment 2, WT, D1R KO,

and D2R KO mice, training schedule. (C) Experiment 2, sampling schedule.

(D) Experiment 2, 30min and 24 h after stationary rota-rod task.

Abbreviations: nor Br, normal breeding; Se., session group; RR, rota-rod;

SW, Step-Wheel; w, week; d, day; h, hour; m, minute; s, second. The width

and height of the black bar represent task time and speed of rota-rod,

respectively.

(30min) after handling (Figure 6). In the hemisphere, we found
moderately high expression levels in Crus1, and Cop and high
expression levels in the flocculus. The expressions of c-fos and
jun-Bwere probably induced by the attempts of mice to maintain
their balance on the palm of the hand during the handling. The
expression patterns of c-fos and jun-B appeared to be overall
similar between the conditions (handling, stationary and running
rota-rod), although there may have been some differences. We
also found the expression of these genes not only immediately
(30min) after but also 24 h after the stationary rota-rod task for
WT naive mice (Figures 3D, 7A,B) and for the same duration in
the D1R KO, D2R KO, WT trained mice (Figures 3B,C, 8, three
sessions as the trained mice). The expressions of c-fos and jun-B
in the flocculus even 24 h after the stationary rota-rod task was
unexpected because IEG expressions would not last for such a

long time. We weighed the mice 30min prior to increase their
sacrifice 24 h after the stationary rota-rod task. The weighing
involved placing the mice on the scales of a balance, which may
have activated the vestibular systems. It was indeed the case
because we observed significant expression of c-fos and jun-B
30min after only single weighing (Supplementary Figure 3A).
We also examined the expression patterns of these two IEGs 24 h
after the stationary rota-rod task in the mice that experienced
several sessions of the wheel running and rota-rod tasks (rotating
rota-rod and Step-Wheel tasks, see Materials and Methods for
details, Figure 8). In the naive mice, which only experienced the
stationary rota-rod task, the expression levels of c-fos and jun-B
were reduced to some extent but were still significant. In the mice
that experienced several sessions of motor tasks, the expressions,
in particular that of jun-B, appeared to be more sustained
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FIGURE 2 | Expression patterns of eight IEGs in the cerebellum of naive mice. Vermis (left panel), hemisphere (middle panel), and the magnified image

within the box in the middle panel showing flocculus (right panel). Each row shows expression patterns of eight IEGs (from top to bottom: zif-268, krox 20, arc).

be used as internal controls for evaluating the IEG expression
levels in the cerebellum. Overall, c-fos and jun-B among the IEGs
examined in the flocculus showed most prominent expressions
immediately (30min) after the rota-rod running tasks. Therefore,
hereinafter, we focused on the expression patterns of c-fos and
jun-B in the flocculus.

c-fos and jun-B expression Patterns in Stationary
Rota-Rod Task in Naive Mice
As we mentioned in Introduction, we were interested in the
functional relationship between the cerebellum and the striatum
and explored a model experimental system. Dopamine receptors
are distributed in certain brain regions (Gingrich and Caron,
1993). However, our previous studies demonstrated that D1R
KO and D2R KOmice showed distinguished motor impairments
(Nakamura et al., 2014). In the running rota-rod tasks, the
impairments were largely similar to those resulting from local
ablation of D1R neurons and D2R neurons in DLS and DMS
(Durieux et al., 2012), respectively. These results suggest that
when using D1R KO and D2R KO mice in the rota-rod
tasks, the main target is the striatum. We therefore used D1R
KO and D2R KO mice to examine the cerebellar flocculus

IEG (c-fos and jun-B) expression patterns and the relationship
between the striatum and the cerebellum in relation to motor
learning.

We first examined the expression patterns of c-fos and jun-
B in the stationary rota-rod task. In this task, a mouse was
placed on a non-rotating bar with a thickness about half the
length of the mouse’s body. This task was not too difficult for
mice to perform, and not only WT mice but also D1R KO
and D2R KO mice were able to stay for the time examined
(Supplementary Figure 2). Nonetheless, this task requires mice to
balance on the bar and therefore activates related brain regions.
In parallel, we first examined the c-fos and jun-B expression
patterns in the cerebellum of WT mice after they were handled
for 1 week (Figure 6). Herein, from Figures 6–10 for all the
ISH data, we examined 6–13 sections of the cerebellums of
individual mice under each motor condition as described for
each figure. We examined two to five sections of the vermis
and four to nine sections of the hemisphere in each mouse, and
here used the sections that showed the highest signal intensity
of the IEG expression in the flocculus among the sections of the
cerebellum under each condition. We were surprised to find high
expression levels of c-fos and jun-B in the cerebellum immediately
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FIGURE 5 | Expression patterns of eight IEGs in the cerebellum of

mice that performed rota-rod tasks. IEG expression patterns in the mice

that performed three trials of the rota-rod tasks (see Materials and Methods).

The figures are lined up in the same order as in Figure 2. The last (4th) row

shows the signals hybridized with a sense probe of c-fos, indicating the

background level.

the “consolidation” and “automatization” processes. During
the course of these processes, the basal ganglia, cerebellum,
hippocampus and cerebral cortex interact with each other, and,
with time, the sites of plasticity are shifted to the cerebral
cortex and striatum for motor sequence learning and the cerebral
cortex and cerebellum for motor adaptation. We thus examined
the cerebellar IEG expression patterns 24 h after the stationary
rota-rod task in the mice that experienced several motor tasks
(rotating rota-rod and Step-Wheel tasks, see Materials and
Methods for details) in order to determine whether there are
any differences in cerebellar activity among the three different
genotypes of mice immediately (30min) after they performed
running rota-rod tasks on days 1 and 5 (Figures 9, 10).

Figures 9, 10 show the expression patterns of c-fos 24 h after
the stationary rota-rod task in the three genotypes of mice after
the rota-rod tasks on days 1 and 5, respectively. We observed
significant expressions of c-fos in the hemisphere even 24 h
after the stationary rota-rod task. Among the regions in the
hemisphere, the expression in the flocculus was most significant.
The c-fos expression is generally similar between days of 1 and
5. Figures 9, 10 show cerebellar jun-B expression patterns in
WT mice. jun-B was expressed in the cerebellar vermis, and
Crus1 and Cop of cerebellar hemisphere. Although jun-B was
expressed to some extent in the molecular layer and at a lower
level in the granular layers, the expression was most prominent
in Purkinje cells. jun-B expression in the Purkinje cells in the
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FIGURE 4 | Expression patterns of eight IEGs in the cerebellum of mice that performed rota-rod tasks. IEG expression patterns in the mice that performed

three trials of the rota-rod tasks (see Materials and Methods). The figures are lined up in the same order as in Figure 1.

than those in the naive mice (Figures 7, 8). We also noticed
that the expression pattern of c-fos and jun-B may be different

between those of 30min after only weighing in naive mice and

24 h after stationary rota-rod in trained mice (Supplementary
Figures 4, 5).

c-fos and jun-B Expression Patterns in Stationary
and Rotating Rota-Rod-Tasks In Trained Mice
Doyon et al. (2009) proposed that the basal ganglia are
functionally related to motor learning. They propose that motor
sequence learning and adaptation progress with time through
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FIGURE 5 | Expression patterns of eight IEGs in the cerebellum of

mice that performed rota-rod tasks. IEG expression patterns in the mice

that performed three trials of the rota-rod tasks (see Materials and Methods).

The figures are lined up in the same order as in Figure 2. The last (4th) row

shows the signals hybridized with a sense probe of c-fos, indicating the

background level.

the “consolidation” and “automatization” processes. During
the course of these processes, the basal ganglia, cerebellum,
hippocampus and cerebral cortex interact with each other, and,
with time, the sites of plasticity are shifted to the cerebral
cortex and striatum for motor sequence learning and the cerebral
cortex and cerebellum for motor adaptation. We thus examined
the cerebellar IEG expression patterns 24 h after the stationary
rota-rod task in the mice that experienced several motor tasks
(rotating rota-rod and Step-Wheel tasks, see Materials and
Methods for details) in order to determine whether there are
any differences in cerebellar activity among the three different
genotypes of mice immediately (30min) after they performed
running rota-rod tasks on days 1 and 5 (Figures 9, 10).

Figures 9, 10 show the expression patterns of c-fos 24 h after
the stationary rota-rod task in the three genotypes of mice after
the rota-rod tasks on days 1 and 5, respectively. We observed
significant expressions of c-fos in the hemisphere even 24 h
after the stationary rota-rod task. Among the regions in the
hemisphere, the expression in the flocculus was most significant.
The c-fos expression is generally similar between days of 1 and
5. Figures 9, 10 show cerebellar jun-B expression patterns in
WT mice. jun-B was expressed in the cerebellar vermis, and
Crus1 and Cop of cerebellar hemisphere. Although jun-B was
expressed to some extent in the molecular layer and at a lower
level in the granular layers, the expression was most prominent
in Purkinje cells. jun-B expression in the Purkinje cells in the
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FIGURE 4 | Expression patterns of eight IEGs in the cerebellum of mice that performed rota-rod tasks. IEG expression patterns in the mice that performed

three trials of the rota-rod tasks (see Materials and Methods). The figures are lined up in the same order as in Figure 1.

than those in the naive mice (Figures 7, 8). We also noticed
that the expression pattern of c-fos and jun-B may be different

between those of 30min after only weighing in naive mice and

24 h after stationary rota-rod in trained mice (Supplementary
Figures 4, 5).

c-fos and jun-B Expression Patterns in Stationary
and Rotating Rota-Rod-Tasks In Trained Mice
Doyon et al. (2009) proposed that the basal ganglia are
functionally related to motor learning. They propose that motor
sequence learning and adaptation progress with time through
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FIGURE 8 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of trained mice after riding on stationary rota-rod. (A) WT,

(Continued)

FIGURE 8 | Continued

(B) D1R KO, and (C) D2R KO mice were trained to perform a series of

rota-rod and Step-Wheel tasks (see Materials and Methods). These mice were

sacrificed 24 h after the stationary rota-rod task and designated as the Pre

group for the running rota-rod tasks (see Materials and Methods). The left

panels show the sections from the hemisphere that showed the highest signal

intensity among the sections examined in each row. The right panels show the

magnified images of the flocculus enclosed in a box in the first row of the left

panel.

stationary rota-rod tasks and on days of 1 and 5 after the rotating
rota-rod tasks. The expression levels of c-fos and jun-B 24 h after
the stationary rota-rod task in D1RKOmice appeared lower than
those in D2R KO andWTmice, but since we failed in the staining
of ISH in one of D1R KO mice and we were unable to make a
conclusion on the significance of this finding. The expression of
c-fos in the granular layer of the flocculus of D2R KOmice might
be more enhanced on day 1 after the running rota-rod tasks
than under the other conditions (Figures 8–10). jun-B expression
in D2R KO mice was also enhanced 24 h after stationary
rota-rod and on days 1 and 5, and may be more enhanced
on day 1. These observation, however, were not statistically
confirmed any further owing to the lack of a sufficient number
of mice of these three genotypes available for series of motor
tasks.

Discussion

We examined cerebellar expression patterns of eight different
IEGs in D1R KO, D2R KO, and WT mice following stationary
and rotating rota-rod tasks. c-fos expression was enhanced in all
the lobules of the vermis except lobule 7 and in Crus1, Cop and
the flocculus in the hemisphere, whereas jun-B expression was
only enhanced in some of the Purkinje cells in these regions.
Furthermore, in this study we surprisingly found that c-fos and
jun-B in the cerebellar vermis and flocculus were significantly
expressed in mice after handling and 24 h after the stationary
rota-rod task. We also found robust expressions of c-fos and jun-
B after the running rota-rod tasks on days 1 and 5 in D1R KO,
D2R KO, and WT mice.

IEG Expression Patterns in the Cerebellum
We examined the IEG expression patterns in the cerebellum.
Among the eight IEGs we examined, c-fos was significantly
expressed in all lobules of the cerebellar vermis except lobule 7
and in Crus1, Cop and the flocculus of the cerebellar hemisphere.
jun-B was preferentially expressed in the Purkinje cells in
these regions. arc is known to be induced by various types
of neural activities including visual stimulation (e.g., Nakagami
et al., 2013); there is virtually no induction in the cerebellum
(Figure 5). zif-268 is also known to be induced upon various
neural activation, but was little induced in the cerebellum
(Figure 5). One plausible reason why arc and zif-268 are not
induced in the cerebellum is that cerebellar Purkinje cells do
not express functional NMDA receptors (Perkel et al., 1990;
Llano et al., 1991). For example, arc transcription is regulated
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FIGURE 6 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of mice handled for a week. (A) Mice handled for a week (see

Materials and Methods). (B) Naive mice that were allowed to move freely but

were not handled by humans. Sections of the hemisphere that showed the

highest signal intensity for each gene are shown (left panel), Right panels show

magnified images of floccular signals enclosed in a box in the top image of the

left panel.

flocculus seemed to be similarly enhanced in the trained mice
24 h after the stationary rota-rod task in contrast to the naive
mice, and immediately after the running rota-rod tasks on days 1
and 5.

D1R KO, D2R KO, and WT mice expressed c-fos in the
cerebellar hemisphere, particularly in flocculus 24 h after the

FIGURE 7 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of mice after stationary rota-rod task or single weighing.

Mice that did not experience any motor tasks (untrained) were sacrificed (A)

30min, (B) 24 h after the stationary rod task (see Materials and Methods), or

(C) 30min after single weighing. Right panels show magnified images of

floccular signals.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 June 2015 | Volume 3 | Article 38



－  341  －

Nakamura et al. IEG expression in the cerebellum

FIGURE 8 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of trained mice after riding on stationary rota-rod. (A) WT,

(Continued)

FIGURE 8 | Continued

(B) D1R KO, and (C) D2R KO mice were trained to perform a series of

rota-rod and Step-Wheel tasks (see Materials and Methods). These mice were

sacrificed 24 h after the stationary rota-rod task and designated as the Pre

group for the running rota-rod tasks (see Materials and Methods). The left

panels show the sections from the hemisphere that showed the highest signal

intensity among the sections examined in each row. The right panels show the

magnified images of the flocculus enclosed in a box in the first row of the left

panel.

stationary rota-rod tasks and on days of 1 and 5 after the rotating
rota-rod tasks. The expression levels of c-fos and jun-B 24 h after
the stationary rota-rod task in D1RKOmice appeared lower than
those in D2R KO andWTmice, but since we failed in the staining
of ISH in one of D1R KO mice and we were unable to make a
conclusion on the significance of this finding. The expression of
c-fos in the granular layer of the flocculus of D2R KOmice might
be more enhanced on day 1 after the running rota-rod tasks
than under the other conditions (Figures 8–10). jun-B expression
in D2R KO mice was also enhanced 24 h after stationary
rota-rod and on days 1 and 5, and may be more enhanced
on day 1. These observation, however, were not statistically
confirmed any further owing to the lack of a sufficient number
of mice of these three genotypes available for series of motor
tasks.

Discussion

We examined cerebellar expression patterns of eight different
IEGs in D1R KO, D2R KO, and WT mice following stationary
and rotating rota-rod tasks. c-fos expression was enhanced in all
the lobules of the vermis except lobule 7 and in Crus1, Cop and
the flocculus in the hemisphere, whereas jun-B expression was
only enhanced in some of the Purkinje cells in these regions.
Furthermore, in this study we surprisingly found that c-fos and
jun-B in the cerebellar vermis and flocculus were significantly
expressed in mice after handling and 24 h after the stationary
rota-rod task. We also found robust expressions of c-fos and jun-
B after the running rota-rod tasks on days 1 and 5 in D1R KO,
D2R KO, and WT mice.

IEG Expression Patterns in the Cerebellum
We examined the IEG expression patterns in the cerebellum.
Among the eight IEGs we examined, c-fos was significantly
expressed in all lobules of the cerebellar vermis except lobule 7
and in Crus1, Cop and the flocculus of the cerebellar hemisphere.
jun-B was preferentially expressed in the Purkinje cells in
these regions. arc is known to be induced by various types
of neural activities including visual stimulation (e.g., Nakagami
et al., 2013); there is virtually no induction in the cerebellum
(Figure 5). zif-268 is also known to be induced upon various
neural activation, but was little induced in the cerebellum
(Figure 5). One plausible reason why arc and zif-268 are not
induced in the cerebellum is that cerebellar Purkinje cells do
not express functional NMDA receptors (Perkel et al., 1990;
Llano et al., 1991). For example, arc transcription is regulated

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 June 2015 | Volume 3 | Article 38

Nakamura et al. IEG expression in the cerebellum

FIGURE 6 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of mice handled for a week. (A) Mice handled for a week (see

Materials and Methods). (B) Naive mice that were allowed to move freely but

were not handled by humans. Sections of the hemisphere that showed the

highest signal intensity for each gene are shown (left panel), Right panels show

magnified images of floccular signals enclosed in a box in the top image of the

left panel.

flocculus seemed to be similarly enhanced in the trained mice
24 h after the stationary rota-rod task in contrast to the naive
mice, and immediately after the running rota-rod tasks on days 1
and 5.

D1R KO, D2R KO, and WT mice expressed c-fos in the
cerebellar hemisphere, particularly in flocculus 24 h after the

FIGURE 7 | Expression levels of c-fos and jun-B mRNAs in the

cerebellum of mice after stationary rota-rod task or single weighing.

Mice that did not experience any motor tasks (untrained) were sacrificed (A)

30min, (B) 24 h after the stationary rod task (see Materials and Methods), or

(C) 30min after single weighing. Right panels show magnified images of

floccular signals.
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FIGURE 10 | Expression patterns of c-fos and jun-B mRNAs in the

cerebellum of trained mice after rota-rod task on day 5. (A) WT, (B)

D1R KO, and (C) D2R KO mice were trained to perform a series of rota-rod

and Step-Wheel tasks. After Pre sessions (0 rpm, 3 days), mice performed

rota-rod tasks (5 rpm) and were sacrificed 30min after the session on day 5.

The left panels show the sections from the hemisphere, the right panels

show magnified images of the flocculus enclosed in a box in the top image of

the left panel, which shows the flocculus. (B) D1R KO and (C) D2R KO mice.

Top row shows the sections from mice under fast-slow (15–5 rpm) conditions

during the training sessions, and the second row shows the sections from

mice under slow-fast (5–15 rpm) conditions (see Materials and Methods for

details).
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FIGURE 9 | Expression patterns of c-fos and jun-B mRNAs in the

cerebellum of trained mice after rota-rod task on day 1. (A) WT, (B)

D1R KO, and (C) D2R KO mice were trained to perform a series of rota-rod

and Step-Wheel tasks. After the presessions (0 rpm, 3 days), the mice

performed rota-rod tasks (5 rpm) and were sacrificed 30min after the session

on the day 1. The left panels show the sections from the hemisphere, the

right panels show magnified images of the part enclosed in a box in the first

row of the left pane that shows the flocculus. (B) D1R KO mice, the top row

shows c-fos expression of the mice under the fast-slow (15–5 rpm) condition

at the training sessions, and the second row shows that under the slow-fast

(5–15 rpm) conditions (see Materials and Methods). Bottom two rows show

jun-B expressions in this order. (C) D2R KO mice, on the day 1 after a

rotating rota-rod task (5–15 rpm). The 15-5 rpm task was not done for this

group of mice (D2R KO, day 1).

by NMDA- or voltage-gated calcium channel (VGCC)- mediated
membrane depolarization, cAMP-dependent pathways and
brain-derived neurotrophic factor (BDNF)-mediated pathways
(Zheng et al., 2009). However, the exact mechanisms underlying
non-expression of arc in the cerebellum need to be elucidated in
future studies.

c-fosmapping showed the regions activated immediately after
the running rota-rod tasks. In the vermis, c-fos was moderately
induced in all the lobules except lobule 7 throughout the
cerebellar vermis. In the hemisphere, significant expressions of c-
fos were observed in Crus1, Cop, and flocculus. This observation
indicates that the cerebellar vermis plays a central role in
visually guided movements (Edge et al., 2003) and receives limb

and visual inputs (see Edge et al., 2003 for reference). Crus1
also receives visuomotor inputs (Edge et al., 2003; Cerminara
et al., 2005). Hindlimb stimulation primary activates the medial
aspect of Cop (Santori et al., 1986). Our c-fos mapping results
in this report well match those of the previous studies that
examined the cerebellar areas activated by visuomotor inputs.
One new observation in c-fos mapping may be the neuronal
activation in the flocculus in the cerebellar hemisphere after the
stationary and running rota-rod tasks. This is probably because
the rota-rod tasks required mice to maintain their balance, which
likely activated eye movements and the vestibular systems. The
vestibular-ocular reflex presumably activates the flocculus (Ito,
1982).
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FIGURE 10 | Expression patterns of c-fos and jun-B mRNAs in the

cerebellum of trained mice after rota-rod task on day 5. (A) WT, (B)

D1R KO, and (C) D2R KO mice were trained to perform a series of rota-rod

and Step-Wheel tasks. After Pre sessions (0 rpm, 3 days), mice performed

rota-rod tasks (5 rpm) and were sacrificed 30min after the session on day 5.

The left panels show the sections from the hemisphere, the right panels

show magnified images of the flocculus enclosed in a box in the top image of

the left panel, which shows the flocculus. (B) D1R KO and (C) D2R KO mice.

Top row shows the sections from mice under fast-slow (15–5 rpm) conditions

during the training sessions, and the second row shows the sections from

mice under slow-fast (5–15 rpm) conditions (see Materials and Methods for

details).
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FIGURE 9 | Expression patterns of c-fos and jun-B mRNAs in the

cerebellum of trained mice after rota-rod task on day 1. (A) WT, (B)

D1R KO, and (C) D2R KO mice were trained to perform a series of rota-rod

and Step-Wheel tasks. After the presessions (0 rpm, 3 days), the mice

performed rota-rod tasks (5 rpm) and were sacrificed 30min after the session

on the day 1. The left panels show the sections from the hemisphere, the

right panels show magnified images of the part enclosed in a box in the first

row of the left pane that shows the flocculus. (B) D1R KO mice, the top row

shows c-fos expression of the mice under the fast-slow (15–5 rpm) condition

at the training sessions, and the second row shows that under the slow-fast

(5–15 rpm) conditions (see Materials and Methods). Bottom two rows show

jun-B expressions in this order. (C) D2R KO mice, on the day 1 after a

rotating rota-rod task (5–15 rpm). The 15-5 rpm task was not done for this

group of mice (D2R KO, day 1).

by NMDA- or voltage-gated calcium channel (VGCC)- mediated
membrane depolarization, cAMP-dependent pathways and
brain-derived neurotrophic factor (BDNF)-mediated pathways
(Zheng et al., 2009). However, the exact mechanisms underlying
non-expression of arc in the cerebellum need to be elucidated in
future studies.

c-fosmapping showed the regions activated immediately after
the running rota-rod tasks. In the vermis, c-fos was moderately
induced in all the lobules except lobule 7 throughout the
cerebellar vermis. In the hemisphere, significant expressions of c-
fos were observed in Crus1, Cop, and flocculus. This observation
indicates that the cerebellar vermis plays a central role in
visually guided movements (Edge et al., 2003) and receives limb

and visual inputs (see Edge et al., 2003 for reference). Crus1
also receives visuomotor inputs (Edge et al., 2003; Cerminara
et al., 2005). Hindlimb stimulation primary activates the medial
aspect of Cop (Santori et al., 1986). Our c-fos mapping results
in this report well match those of the previous studies that
examined the cerebellar areas activated by visuomotor inputs.
One new observation in c-fos mapping may be the neuronal
activation in the flocculus in the cerebellar hemisphere after the
stationary and running rota-rod tasks. This is probably because
the rota-rod tasks required mice to maintain their balance, which
likely activated eye movements and the vestibular systems. The
vestibular-ocular reflex presumably activates the flocculus (Ito,
1982).
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as radioisotope detection methods, in which the amount of
radiation is strictly proportional to that of radioactive decay.
Various conditions could affect chemical reactions; therefore,
exact quantitation is difficult without an internal control. In this
regard, our visual evaluation of c-fos expression in the flocculus
on days 1 and 5 after the running rota-rod tasks in D1R KO
and D2R KO mice should be more reliable because it enabled
us to compare the expression with that in other lobules of
the same section of the cerebellar hemisphere as an internal
control.

It should be noted that jun-B was preferentially expressed in
Purkinje cells after the rota-rod tasks. This expression pattern
is quite in contrast to that of c-fos, which was particularly
highly expressed in the granular layer and other layers as well.
We previously reported that jun-B is selectively induced by
conjunctive stimulation of climbing fibers and AMPA in the
cerebellum, which mimics cerebellar LTD (Yamamori et al.,
1995). jun-B expression level in the mice 24 h after the stationary
rota-rod task may be higher in the mice that experienced several
motor tasks than in the naive mice. However, these apparent
differences should be examined by statistical analysis with a larger
number of mice in future studies.

Implications of Studies of c-fos and jun-B

Expression Patterns in the Cerebellum in D1R KO
and D2R KO Mice
In this study, we applied techniques of IEG mapping in the
cerebellum to detect the altered cerebellar neuronal activity after
the stationary and running rota-rod tasks. We summarized the
expression patterns of c-fos and jun-B in the flocculus in the
cerebellum in Table 1. We consider that there are three main
points in our studies reported in this paper. First, we found
several different levels of expressions of c-fos and jun-B in the
cerebellum in various conditions of weighing and handling,

30min and 24 h after the stationary rota-rod task, and 30min
after running rota-rod on days 1 and 5. There may be some
enhancement of c-fos and jun-B 24 h after the stationary rota-rod
in the trained mice even considering the weighing effect for
the expressions of c-fos and jun-B. Second, to further examine
the interaction between the cerebellum and the striatum, we
examined the c-fos and jun-B expressions in the cerebellum in
D1RKO, D2RKO, andWTmice after the stationary and running
rota-rod tasks. We did not observe significant differences among
the three genotypes although this does not still exclude the
possibility that there are some differences among them. To
clarify whether there are indeed differences among the three
genotypes, a larger of number of mice need to be examined
and statistical analysis should be conducted. Third, our results
demonstrated the particular usefulness of c-fos and jun-B for
examining expression patterns in the cerebellum, because other
IEGs are little expressed in the cerebellum or not selectively
expressed in Purkinje cells.
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c-fos and jun-B Expression Patterns after
Stationary Rota-Rod Task
We first examined the c-fos and jun-B expression patterns in the
cerebellum immediately and 24 h after the mice performed the
stationary rota-rod task in which mice were required to stay on
the non-rotating (stationary) rota-rod. This is not a very difficult
task for mice to perform, and both D1R KO and D2R KO mice
were able to stay as long as WT mice did (Supplementary Figure
2). However, to our surprise, even 24 h after performing the
stationary rota-rod task, we observed significant c-fos and jun-B
expressions in the cerebellum. It was puzzling why the cerebellum
was activated 24 h after the task, during which time the mice did
not perform any specific tasks. One possible explanation for this
would be as follows: there were other brain regions that were
activated, which in turn activated the cerebellum. Interaction
among the cerebellum, basal ganglia and cerebral cortex has been
proposed (Doya, 2000; Hikosaka et al., 2002; Doyon et al., 2009;
Bostan et al., 2013). It is therefore possible that the cerebellum
was activated by other brain areas such as the basal ganglia. We
therefore examined the c-fos and jun-B expression patterns in
D1R KO and D2R KO mice after the running rota-rod tasks.
We weighed the mice 30min before sacrifice after 24 h after
stationary rota-rod tasks. The weighing involved placing themice
on the scales of a balance, whichmay have activated the vestibular
systems. It was indeed the case as shown in Supplementary Figure
3. However, the enhancement of c-fos and jun-B 24 h after the
stationary rota-rod task in the mice that experienced several
sessions of the motor tasks seems to be higher than that of 24 h
after the stationary rota-rod for naive mice (Figures 7, 8). We
also noticed the different IEG expression pattern between after
only single weighing in naive mice and 24 h after stationary rota-
rod in trained mice although both groups of mice were sacrificed
30min after the last weighing (Supplementary Figures 4, 5). This
difference may reflect the shift of cerebellar activation by forming
internal model within the cerebellum (Bursztyn et al., 2006).

The expression of c-fos did not appear to be altered between
days 1 and 5 after the running rota-rod tasks in D1R KO, D2R
KO, and WT mice. However, there may be some difference in

jun-B expression under our conditions. Durieux et al. (2012)
and Nakamura et al. (2014) demonstrated that D1R KO mice
and, mice with complete ablation of D1R neurons in the
striatum showed decreased learning curve and performance
after learning of the rota-rod tasks, whereas mice with ablated
D2R neurons in the DMS and the entire striatum showed
decreased initial performance of the rota-rod tasks. It has been
reported that cerebellar activity reflects an acquired internal
model (Imamizu et al., 2000). At the time when the impairment
of striatal functions is severe, the cerebellar region works to
compensate for the impairment and will presumably be most
activated.

The expression of IEG and the downstream regulated genes
in the striatum of D1R KO, D2R KO mice has been reported
upon pharmacological stimulation (Drago et al., 1996; Aoyama
et al., 2000; Welter et al., 2007). In D1R KO mice cocaine did
not induce c-fos and zif-268 expressions in the striatum (Drago
et al., 1996). In D2R KO mice cocaine did not induce c-fos but
induce zif-268 in the striatum (Welter et al., 2007). In the striatum
D1R is coexpressed with substance P (SP) andD2R is coexpressed
with encephalin (ENK). In D1R KO mice SP expression was
reduced and ENK expression was unaltered. Cocaine induced SP
but not ENK in the striatum of D1R KO mice. In D2 KO mice
ENK expression was increased and SP expression was decreased
(Aoyama et al., 2000). In D1R KO mice cocaine induced SP
and but did not affect ENK expression (Drago et al., 1996). In
D2 KO mice cocaine induced SP expression. Therefore, These
previous studies indicated that by in large the direct (D1R) and
indirect pathways (D2R) are affected as expected as we write in
the Introduction in D1R KO and D2R KO mice in terms of the
IEG expression. Compared to these previously reported results
in the striatum where the D1R and D2R play direct roles in the
regulation of IEGs, in the cerebellum there is little or only indirect
effect in the IEG expression, if any, in D1R and D2R KO mice as
we showed in this paper.

We have been using chemical methods for detecting ISH
because of their high spatial resolution. However, for quantitative
evaluation, chemical detection methods are not as quantitative

TABLE 1 | c-fos and jun-B expressions in cerebellar flocculus.

WT D1R KO D2R KO

c-fos jun-B c-fos jun-B c-fos jun-B

Naïve − − NT NT NT NT

Handling (for 1 week) ++ ++ NT NT NT NT

Stationary RR 30min +++ ++ NT NT NT NT

Stationary RR 24 h after (for naive mice) ++ + NT NT NT NT

Stationary RR 24 h (for trained mice) +++ ++ ++ * +* +++ ++

Running RR Day 1 +++ ++ +++ ++∼+++ ** +++ +++

Running RR Day 5 +++ ++ +++ ++ +++ ++

Weighing +∼++*** +*** NT NT NT NT

Summary of the expression levels of c-fos and jun-B in the cerebellar flocculus are represented; −, background level; +, weak positive; ++, positive; + + +, highly positive signal.
*Only one mouse and somewhat weaker staining than other samples. **Some variations between two mice. ***Uneven expression within floccullus. NT: not tested. Note that all animals

were sacrificed 30min after final task except for the naive mice that were sacrificed without weighing. The evaluation was done subjectively with agreement of by two of authors (Toru

Nakamura and Tetsuo Yamamori).
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as radioisotope detection methods, in which the amount of
radiation is strictly proportional to that of radioactive decay.
Various conditions could affect chemical reactions; therefore,
exact quantitation is difficult without an internal control. In this
regard, our visual evaluation of c-fos expression in the flocculus
on days 1 and 5 after the running rota-rod tasks in D1R KO
and D2R KO mice should be more reliable because it enabled
us to compare the expression with that in other lobules of
the same section of the cerebellar hemisphere as an internal
control.

It should be noted that jun-B was preferentially expressed in
Purkinje cells after the rota-rod tasks. This expression pattern
is quite in contrast to that of c-fos, which was particularly
highly expressed in the granular layer and other layers as well.
We previously reported that jun-B is selectively induced by
conjunctive stimulation of climbing fibers and AMPA in the
cerebellum, which mimics cerebellar LTD (Yamamori et al.,
1995). jun-B expression level in the mice 24 h after the stationary
rota-rod task may be higher in the mice that experienced several
motor tasks than in the naive mice. However, these apparent
differences should be examined by statistical analysis with a larger
number of mice in future studies.

Implications of Studies of c-fos and jun-B

Expression Patterns in the Cerebellum in D1R KO
and D2R KO Mice
In this study, we applied techniques of IEG mapping in the
cerebellum to detect the altered cerebellar neuronal activity after
the stationary and running rota-rod tasks. We summarized the
expression patterns of c-fos and jun-B in the flocculus in the
cerebellum in Table 1. We consider that there are three main
points in our studies reported in this paper. First, we found
several different levels of expressions of c-fos and jun-B in the
cerebellum in various conditions of weighing and handling,

30min and 24 h after the stationary rota-rod task, and 30min
after running rota-rod on days 1 and 5. There may be some
enhancement of c-fos and jun-B 24 h after the stationary rota-rod
in the trained mice even considering the weighing effect for
the expressions of c-fos and jun-B. Second, to further examine
the interaction between the cerebellum and the striatum, we
examined the c-fos and jun-B expressions in the cerebellum in
D1RKO, D2RKO, andWTmice after the stationary and running
rota-rod tasks. We did not observe significant differences among
the three genotypes although this does not still exclude the
possibility that there are some differences among them. To
clarify whether there are indeed differences among the three
genotypes, a larger of number of mice need to be examined
and statistical analysis should be conducted. Third, our results
demonstrated the particular usefulness of c-fos and jun-B for
examining expression patterns in the cerebellum, because other
IEGs are little expressed in the cerebellum or not selectively
expressed in Purkinje cells.

Acknowledgments

We thank Dr. Motoya Katsuki for scientific advice and critical
discussion on the generation of D1R KO and D2R KO mice.

This research is part of a project supported by a Grant-in-
Aid for Scientific Research on Innovative Areas (Neocortical
Organization) (#22123009 to T.Y.), a Grant-in-Aid for Scientific
Research (B) (#26290029 to T.S.), and a Grant-in-Aid for
Scientific Research (C) (#T25430009 to T.K.).

Supplementary Material

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fcell.
2015.00038/abstract

References

Aoyama, S., Kase, H., and Borrelli, E. (2000). Rescue of locomotor impairment

in dopamine D2 receptor-deficient mice by an adenosine A2A receptor

antagonist. J. Neurosci. 20, 5848–5852.

Bostan, A. C., Dum, R. P., and Strick, P. L. (2013). Cerebellar networks with

the cerebral cortex and basal ganglia. Trends Cogn. Sci. 17, 241–254. doi:

10.1016/j.tics.2013.03.003

Bursztyn, L. L., Ganesh, G., Imamizu, H., Kawato, M., and Flanagan, J. R. (2006).

Neural correlates of internal-model loading. Curr. Biol. 6, 2440–2445. doi:

10.1016/j.cub.2006.10.051

Cerminara, N. L., Edge, A. L., Marple-Horvat, D. E., and Apps, R. (2005). The

lateral cerebellum and visuomotor control. Prog. Brain Res. 148, 213–226. doi:

10.1016/s0079-6123(04)48018-2

Doya, K. (2000). Complementary roles of basal ganglia and cerebellum in learning

and motor control. Curr. Opin. Neurobiol. 10, 732–739. doi: 10.1016/S0959-

4388(00)00153-7

Doyon, J., Bellec, P., Amsel, R., Penhune, V., Monchi, O., Carrier, J., et al. (2009).

Contributions of the basal ganglia and functionally related brain structures

to motor learning. Behav. Brain Res. 199, 61–75. doi: 10.1016/j.bbr.2008.

11.012

Drago, J., Gerfen, C. R., Lachowicz, J. E., Steiner, H., Hollon, T. R., Love,

P. E., et al. (1994). Altered striatal function in a mutant mouse lacking

D1A dopamine receptors. Proc. Natl. Acad. Sci. U.S.A. 91, 12564–12568. doi:

10.1073/pnas.91.26.12564

Drago, J., Gerfen, C. R., Westphal, H., and Steiner, H. (1996). D1 dopamine

receptor-deficient mouse: cocaine-induced regulation of immediate-early gene

and substance P expression in the striatum. Neuroscience 74, 813–823. doi:

10.1016/0306-4522(96)00145-5

Durieux, P. F., Schiffmann, S. N., and de Kerchove d’Exaerde, A. (2012).

Differential regulation of motor control and response to dopaminergic drugs

by D1R and D2R neurons in distinct dorsal striatum subregions. EMBO J. 31,

640–653. doi: 10.1038/emboj.2011.400

Edge, A. L., Marple-Horvat, D. E., and Apps, R. (2003). Lateral cerebellum:

functional localization within crus I and correspondence to cortical

zones. Eur. J. Neurosci. 18, 1468–1485. doi: 10.1046/j.1460-9568.2003.

02873.x

Gingrich, J. A., and Caron, M. G. (1993). Recent advances in the molecular

biology of dopamine receptors. Annu. Rev. Neurosci. 16, 299–321. doi:

10.1146/annurev.ne.16.030193.001503

Hikosaka, O., Nakamura, K., Sakai, K., and Nakahara, H. (2002). Central

mechanisms of motor skill learning. Curr. Opin. Neurobiol. 12, 217–222. doi:

10.1016/S0959-4388(02)00307-0

Imamizu, H., Miyauchi, S., Tamada, T., Sasaki, Y., Takino, R., Pütz, B., et al. (2000).

Human cerebellar activity reflecting an acquired internal model of a new tool.

Nature 403, 192–195. doi: 10.1038/35003194

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 June 2015 | Volume 3 | Article 38

Nakamura et al. IEG expression in the cerebellum

c-fos and jun-B Expression Patterns after
Stationary Rota-Rod Task
We first examined the c-fos and jun-B expression patterns in the
cerebellum immediately and 24 h after the mice performed the
stationary rota-rod task in which mice were required to stay on
the non-rotating (stationary) rota-rod. This is not a very difficult
task for mice to perform, and both D1R KO and D2R KO mice
were able to stay as long as WT mice did (Supplementary Figure
2). However, to our surprise, even 24 h after performing the
stationary rota-rod task, we observed significant c-fos and jun-B
expressions in the cerebellum. It was puzzling why the cerebellum
was activated 24 h after the task, during which time the mice did
not perform any specific tasks. One possible explanation for this
would be as follows: there were other brain regions that were
activated, which in turn activated the cerebellum. Interaction
among the cerebellum, basal ganglia and cerebral cortex has been
proposed (Doya, 2000; Hikosaka et al., 2002; Doyon et al., 2009;
Bostan et al., 2013). It is therefore possible that the cerebellum
was activated by other brain areas such as the basal ganglia. We
therefore examined the c-fos and jun-B expression patterns in
D1R KO and D2R KO mice after the running rota-rod tasks.
We weighed the mice 30min before sacrifice after 24 h after
stationary rota-rod tasks. The weighing involved placing themice
on the scales of a balance, whichmay have activated the vestibular
systems. It was indeed the case as shown in Supplementary Figure
3. However, the enhancement of c-fos and jun-B 24 h after the
stationary rota-rod task in the mice that experienced several
sessions of the motor tasks seems to be higher than that of 24 h
after the stationary rota-rod for naive mice (Figures 7, 8). We
also noticed the different IEG expression pattern between after
only single weighing in naive mice and 24 h after stationary rota-
rod in trained mice although both groups of mice were sacrificed
30min after the last weighing (Supplementary Figures 4, 5). This
difference may reflect the shift of cerebellar activation by forming
internal model within the cerebellum (Bursztyn et al., 2006).

The expression of c-fos did not appear to be altered between
days 1 and 5 after the running rota-rod tasks in D1R KO, D2R
KO, and WT mice. However, there may be some difference in

jun-B expression under our conditions. Durieux et al. (2012)
and Nakamura et al. (2014) demonstrated that D1R KO mice
and, mice with complete ablation of D1R neurons in the
striatum showed decreased learning curve and performance
after learning of the rota-rod tasks, whereas mice with ablated
D2R neurons in the DMS and the entire striatum showed
decreased initial performance of the rota-rod tasks. It has been
reported that cerebellar activity reflects an acquired internal
model (Imamizu et al., 2000). At the time when the impairment
of striatal functions is severe, the cerebellar region works to
compensate for the impairment and will presumably be most
activated.

The expression of IEG and the downstream regulated genes
in the striatum of D1R KO, D2R KO mice has been reported
upon pharmacological stimulation (Drago et al., 1996; Aoyama
et al., 2000; Welter et al., 2007). In D1R KO mice cocaine did
not induce c-fos and zif-268 expressions in the striatum (Drago
et al., 1996). In D2R KO mice cocaine did not induce c-fos but
induce zif-268 in the striatum (Welter et al., 2007). In the striatum
D1R is coexpressed with substance P (SP) andD2R is coexpressed
with encephalin (ENK). In D1R KO mice SP expression was
reduced and ENK expression was unaltered. Cocaine induced SP
but not ENK in the striatum of D1R KO mice. In D2 KO mice
ENK expression was increased and SP expression was decreased
(Aoyama et al., 2000). In D1R KO mice cocaine induced SP
and but did not affect ENK expression (Drago et al., 1996). In
D2 KO mice cocaine induced SP expression. Therefore, These
previous studies indicated that by in large the direct (D1R) and
indirect pathways (D2R) are affected as expected as we write in
the Introduction in D1R KO and D2R KO mice in terms of the
IEG expression. Compared to these previously reported results
in the striatum where the D1R and D2R play direct roles in the
regulation of IEGs, in the cerebellum there is little or only indirect
effect in the IEG expression, if any, in D1R and D2R KO mice as
we showed in this paper.

We have been using chemical methods for detecting ISH
because of their high spatial resolution. However, for quantitative
evaluation, chemical detection methods are not as quantitative

TABLE 1 | c-fos and jun-B expressions in cerebellar flocculus.

WT D1R KO D2R KO

c-fos jun-B c-fos jun-B c-fos jun-B

Naïve − − NT NT NT NT

Handling (for 1 week) ++ ++ NT NT NT NT

Stationary RR 30min +++ ++ NT NT NT NT

Stationary RR 24 h after (for naive mice) ++ + NT NT NT NT

Stationary RR 24 h (for trained mice) +++ ++ ++ * +* +++ ++

Running RR Day 1 +++ ++ +++ ++∼+++ ** +++ +++

Running RR Day 5 +++ ++ +++ ++ +++ ++

Weighing +∼++*** +*** NT NT NT NT

Summary of the expression levels of c-fos and jun-B in the cerebellar flocculus are represented; −, background level; +, weak positive; ++, positive; + + +, highly positive signal.
*Only one mouse and somewhat weaker staining than other samples. **Some variations between two mice. ***Uneven expression within floccullus. NT: not tested. Note that all animals

were sacrificed 30min after final task except for the naive mice that were sacrificed without weighing. The evaluation was done subjectively with agreement of by two of authors (Toru

Nakamura and Tetsuo Yamamori).
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Duchenne muscular dystrophy (DMD) is a chronic and life-threatening disease that is initially

supported by muscle regeneration but eventually shows satellite cell exhaustion and

muscular dysfunction. The life-long maintenance of skeletal muscle homoeostasis requires

the satellite stem cell pool to be preserved. Asymmetric cell division plays a pivotal role in the

maintenance of the satellite cell pool. Here we show that granulocyte colony-stimulating

factor receptor (G-CSFR) is asymmetrically expressed in activated satellite cells. G-CSF

positively affects the satellite cell population during multiple stages of differentiation in ex vivo

cultured fibres. G-CSF could be important in developing an effective therapy for DMD based

on its potential to modulate the supply of multiple stages of regenerated myocytes. This study

shows that the G-CSF–G-CSFR axis is fundamentally important for long-term muscle

regeneration, functional maintenance and lifespan extension in mouse models of DMD with

varying severities.
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G-CSF supports long-term muscle regeneration
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Duchenne muscular dystrophy (DMD) is a chronic and life-threatening disease that is initially

supported by muscle regeneration but eventually shows satellite cell exhaustion and

muscular dysfunction. The life-long maintenance of skeletal muscle homoeostasis requires

the satellite stem cell pool to be preserved. Asymmetric cell division plays a pivotal role in the

maintenance of the satellite cell pool. Here we show that granulocyte colony-stimulating

factor receptor (G-CSFR) is asymmetrically expressed in activated satellite cells. G-CSF

positively affects the satellite cell population during multiple stages of differentiation in ex vivo

cultured fibres. G-CSF could be important in developing an effective therapy for DMD based

on its potential to modulate the supply of multiple stages of regenerated myocytes. This study

shows that the G-CSF–G-CSFR axis is fundamentally important for long-term muscle

regeneration, functional maintenance and lifespan extension in mouse models of DMD with

varying severities.
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G-CSF significantly increased the population of SCs throughout
the differentiation stages, including self-renewal SCs, as shown by
the PAX7þ /MYOD� cells at 72 h in wild-type mice; in
addition, csf3r� /� mice showed significantly decreased
numbers of SCs throughout the differentiation stages (Fig. 3e,f;
Supplementary Table 1). To elucidate the effect of G-CSF on the

population of PAX7þ cells in vivo, we examined SC behaviour in
a cardiotoxin injury model (Fig. 3g). In the csf3r� /� mice, the
population of PAX7þ -expressing cells was significantly
decreased at 14 days after cardiotoxin injection (Fig. 3h,i),
suggesting that genetic G-CSFR signal ablation negatively affects
the population of PAX7þ cells in vivo.
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Figure 1 | G-CSFR is expressed in activated satellite cells. (a) Immunostaining of satellite cells on myofibres isolated from EDL muscles for PAX7

(red) and G-CSFR (green), including nuclei stained with DAPI (blue) and bright-field images, at 0 h (T¼0), 6 h (T¼6) and 12 h (T¼ 12). Scale bar, 10mm.

(b) Immunostaining of satellite cells on myofibres for MYOD (red) and G-CSFR (green) at 6 h (T¼6), 24 h (T¼ 24) and 48 h (T¼48). Scale bar, 10mm.

(c) The G-CSFRþ /PAX7þ cell ratio at 0, 6, 12, 24 and 48 h (T¼0: n¼ 53; T¼6: n¼ 73; T¼ 12: n¼45; T¼ 24: n¼41; T¼48: n¼ 297; each myofibre:

n¼ 20–30). All myofibres were obtained from B10-week-old wild-type mice. Data are shown as mean±s.d. DAPI, 4’,6-diamidino-2-phenylindole

dihydrochloride.
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A
dult skeletal muscle has its own stem cell population
known as satellite cells (SCs). After muscle injury,
quiescent SCs are activated and then proliferate and

differentiate into mature skeletal muscle to ensure that muscle
function is recovered. SCs are at the top of the hierarchy of
differentiating stages in adult myocytes, followed by myoblasts,
immature myocytes and matured myocytes. Thus, maintaining
the homoeostasis of skeletal muscle function over the long term
requires a well-preserved population of SCs. However, SCs are
still heterogenic, and among the distinct differentiation stages, the
satellite stem cell population must be maintained to preserve their
stemness, that is, long-term self-renewal and differentiation
abilities. Accumulating data indicate that SCs maintain their
population by asymmetric cell division1–4. The different
differentiation stages of SCs are distinguishable by the
expression of specific markers such as PAX7 and MYOD;
PAX7þ /MYOD� cells are quiescent, PAX7þ /MYODþ cells
are activated and PAX7� /MYODþ cells are differentiating.
Interestingly, some activated SCs exhibit asymmetric MYOD
distribution within the cells, and each daughter cell is either
PAX7þ /MYODþ or PAX7þ /MYOD� , the latter of which
retains the quiescent state5. Such evidence indicated that
asymmetric protein distribution produces asymmetric cell
division, which has a critical role in maintaining the SC
population. In our previous screen for myocyte differentiation-
promoting factors6,7, we noted markedly elevated expression of
granulocyte colony-stimulating factor receptor (G-CSFR, encoded
by csf3r) in the developing somite8. Furthermore, G-CSFR was
transiently expressed in regenerating myocytes of adult injured
skeletal muscle, and extrinsic G-CSF supported short-term
muscle regeneration in cardiotoxin-induced skeletal muscle
injury9 and crush injury10. However, although we found high
G-CSFR expression in regenerating immature myocytes, whether
G-CSFR would be expressed in SCs and whether G-CSF
signalling would affect the SC population in skeletal muscle
remain unclear.
Duchenne muscular dystrophy (DMD) is one of the most

common inheritable muscle diseases in humans11,12. It is an
X-linked progressive disease that affects approximately one in
3,500 male live births13. DMD is caused by a mutation in the gene
encoding dystrophin, which links the internal muscle cytoskeleton
to the extracellular matrix, enabling the lateral transmission of
force from within muscle cells to the surrounding matrix.
Mutations in the dystrophin gene lead to dystrophin deficiency
at the myofibre membrane and progressive muscle fibre
degeneration14,15. The absence of dystrophin increases the
fragility of the sarcolemma, which is susceptible to even mild
stress16. Subsequent injury results in myofibre necrosis,
followed by repetitive degeneration and regeneration supported
by innate SCs. In DMD, muscle regeneration initially supports
the mutation-driven functional impairment; however, such
regeneration is eventually attenuated due to stem cell
exhaustion17. Therapy that induces effective long-term
skeletal muscle regeneration is, therefore, crucially needed
for DMD.
Long-term muscle regenerative therapy for conditions such as

DMD relies on increasing the pool of functional myocytes and
maintaining the pool of SCs. We showed that G-CSFR is
asymmetrically distributed in activated SCs, and that G-CSF
increases the population of SCs via the G-CSF–G-CSFR axis in
ex vivo cultured myofibres. On the basis of this, we hypothesized
that G-CSF could be important in developing an effective therapy
for DMD based on its potential to modulate the supply of
multiple stages of regenerated myocytes. It is surprising that
haploinsufficiency of G-CSFR leads to early lethality in DMD
model mice, indicating that dose reduction of the G-CSF/G-CSFR

system could not support the balance between degeneration and
regeneration. We also showed that G-CSF administration in mice
with severe DMD markedly improves the phenotype, including
muscle pathology, functioning and lifespan. Together, our data
suggested that the G-CSF–G-CSFR axis is fundamentally
important for long-term muscle regeneration, functional main-
tenance and lifespan extension in DMD mouse models with
varying severities.

Results
G-CSFR is expressed in activated SCs. To explore the precise
expression pattern of G-CSFR in skeletal muscle, we examined
the SCs on isolated myofibres from the extensor digitorum longus
(EDL) muscles of wild-type mice. This model preserves the
physiological behaviour of SCs through activation, proliferation
and differentiation on myofibres. In the isolated myofibres,
PAX7þ quiescent SCs showed no G-CSFR expression by
immunostaining at the time of myofibre isolation (Fig. 1a).
G-CSFR expression was observed in the PAX7þ cells after 6 h
(Fig. 1a,c), when MYOD expression also appeared (Fig. 1b;
Supplementary Fig. 1a). G-CSFR expression was still apparent at
48 h in the MYOGENINþ SCs, which are committed to differ-
entiation (Supplementary Fig. 1b,c)18. By 24 and 48 h, the number
of G-CSFR-expressing cells increased to B94% of PAX7þ cells
(Fig. 1c).

Asymmetrically expressed G-CSFR in activated SCs.
Unexpectedly, we found that G-CSFR is asymmetrically dis-
tributed within migrating SCs obtained from isolated myofibres at
day 5 (Fig. 2a). This asymmetric distribution of G-CSFR was
apparent in B20% of PAX7þ SCs at 72 h (Fig. 2b). Syndecan-4
(SDC4) was expressed in the activated SCs until mature myocyte
fusion occurred; thus, paired SDC4þ cells were characterized as
the daughter cells of SC division19,20. The majority of paired
SDC4þ cells showed equivalent expression of G-CSFR (94.4%;
Fig. 2c), but in the remaining 5.6% of paired SDC4þ cells,
G-CSFR was detectable in only one daughter cell (Fig. 2d).
Similarly, single SDC4þ SCs either express G-CSFR or not
(Fig. 2e,f). In B5% of paired PAX7þ /SDC4þ cells, one
daughter cell highly expressed G-CSFR; in the other daughter
cell, G-CSFR expression was not observed (Fig. 2g). In addition,
in B5% of paired PAX7þ cells, one G-CSFRþ daughter cell
highly expressed MYOD, whereas no MYOD expression observed
in the other (Fig. 2h). These data suggested that G-CSFR is
expressed from the activation of SCs through asymmetrical
distribution during the first divisions but is not expressed in the
self-renewing PAX7þ /MYOD� SCs (Supplementary Fig. 2).

G-CSF increases SCs via the G-CSF–G-CSFR axis. To elucidate
whether G-CSFR signalling affects the populations of SCs, we
examined the PAX7þ cell population in cultured myofibres from
wild-type and G-CSFR-mutated (csf3r� /� ) mice. At 0 and 24 h,
there was no significant difference in the number of PAX7þ cells
between wild-type and csf3r� /� mice; however, at 48 h, the
csf3r� /� mice showed a significantly smaller number of
PAX7þ cells than that of wild-type mice (Fig. 3a,b). At 24 h,
most PAX7þ cells express MYOD, are activated and thereafter
proliferate and commit to differentiation21–23. In the csf3r� /�
mice, the number of MYODþ /PAX7þ cells was significantly
decreased in PAX7þ cells activated for 24 h (Fig. 3c,d),
suggesting that the genetic ablation of G-CSFR signalling
negatively affects the population of activated SCs. We then
examined the direct role of G-CSF on SCs from wild-type mice.
At 72 h, the subpopulation of activated SCs had lost MYOD
expression in vivo and on cultured myofibres21–23. Surprisingly,
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G-CSF significantly increased the population of SCs throughout
the differentiation stages, including self-renewal SCs, as shown by
the PAX7þ /MYOD� cells at 72 h in wild-type mice; in
addition, csf3r� /� mice showed significantly decreased
numbers of SCs throughout the differentiation stages (Fig. 3e,f;
Supplementary Table 1). To elucidate the effect of G-CSF on the

population of PAX7þ cells in vivo, we examined SC behaviour in
a cardiotoxin injury model (Fig. 3g). In the csf3r� /� mice, the
population of PAX7þ -expressing cells was significantly
decreased at 14 days after cardiotoxin injection (Fig. 3h,i),
suggesting that genetic G-CSFR signal ablation negatively affects
the population of PAX7þ cells in vivo.
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Figure 1 | G-CSFR is expressed in activated satellite cells. (a) Immunostaining of satellite cells on myofibres isolated from EDL muscles for PAX7

(red) and G-CSFR (green), including nuclei stained with DAPI (blue) and bright-field images, at 0 h (T¼0), 6 h (T¼6) and 12 h (T¼ 12). Scale bar, 10mm.

(b) Immunostaining of satellite cells on myofibres for MYOD (red) and G-CSFR (green) at 6 h (T¼6), 24 h (T¼ 24) and 48 h (T¼48). Scale bar, 10mm.

(c) The G-CSFRþ /PAX7þ cell ratio at 0, 6, 12, 24 and 48 h (T¼0: n¼ 53; T¼6: n¼ 73; T¼ 12: n¼45; T¼ 24: n¼41; T¼48: n¼ 297; each myofibre:

n¼ 20–30). All myofibres were obtained from B10-week-old wild-type mice. Data are shown as mean±s.d. DAPI, 4’,6-diamidino-2-phenylindole

dihydrochloride.
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A
dult skeletal muscle has its own stem cell population
known as satellite cells (SCs). After muscle injury,
quiescent SCs are activated and then proliferate and

differentiate into mature skeletal muscle to ensure that muscle
function is recovered. SCs are at the top of the hierarchy of
differentiating stages in adult myocytes, followed by myoblasts,
immature myocytes and matured myocytes. Thus, maintaining
the homoeostasis of skeletal muscle function over the long term
requires a well-preserved population of SCs. However, SCs are
still heterogenic, and among the distinct differentiation stages, the
satellite stem cell population must be maintained to preserve their
stemness, that is, long-term self-renewal and differentiation
abilities. Accumulating data indicate that SCs maintain their
population by asymmetric cell division1–4. The different
differentiation stages of SCs are distinguishable by the
expression of specific markers such as PAX7 and MYOD;
PAX7þ /MYOD� cells are quiescent, PAX7þ /MYODþ cells
are activated and PAX7� /MYODþ cells are differentiating.
Interestingly, some activated SCs exhibit asymmetric MYOD
distribution within the cells, and each daughter cell is either
PAX7þ /MYODþ or PAX7þ /MYOD� , the latter of which
retains the quiescent state5. Such evidence indicated that
asymmetric protein distribution produces asymmetric cell
division, which has a critical role in maintaining the SC
population. In our previous screen for myocyte differentiation-
promoting factors6,7, we noted markedly elevated expression of
granulocyte colony-stimulating factor receptor (G-CSFR, encoded
by csf3r) in the developing somite8. Furthermore, G-CSFR was
transiently expressed in regenerating myocytes of adult injured
skeletal muscle, and extrinsic G-CSF supported short-term
muscle regeneration in cardiotoxin-induced skeletal muscle
injury9 and crush injury10. However, although we found high
G-CSFR expression in regenerating immature myocytes, whether
G-CSFR would be expressed in SCs and whether G-CSF
signalling would affect the SC population in skeletal muscle
remain unclear.
Duchenne muscular dystrophy (DMD) is one of the most

common inheritable muscle diseases in humans11,12. It is an
X-linked progressive disease that affects approximately one in
3,500 male live births13. DMD is caused by a mutation in the gene
encoding dystrophin, which links the internal muscle cytoskeleton
to the extracellular matrix, enabling the lateral transmission of
force from within muscle cells to the surrounding matrix.
Mutations in the dystrophin gene lead to dystrophin deficiency
at the myofibre membrane and progressive muscle fibre
degeneration14,15. The absence of dystrophin increases the
fragility of the sarcolemma, which is susceptible to even mild
stress16. Subsequent injury results in myofibre necrosis,
followed by repetitive degeneration and regeneration supported
by innate SCs. In DMD, muscle regeneration initially supports
the mutation-driven functional impairment; however, such
regeneration is eventually attenuated due to stem cell
exhaustion17. Therapy that induces effective long-term
skeletal muscle regeneration is, therefore, crucially needed
for DMD.
Long-term muscle regenerative therapy for conditions such as

DMD relies on increasing the pool of functional myocytes and
maintaining the pool of SCs. We showed that G-CSFR is
asymmetrically distributed in activated SCs, and that G-CSF
increases the population of SCs via the G-CSF–G-CSFR axis in
ex vivo cultured myofibres. On the basis of this, we hypothesized
that G-CSF could be important in developing an effective therapy
for DMD based on its potential to modulate the supply of
multiple stages of regenerated myocytes. It is surprising that
haploinsufficiency of G-CSFR leads to early lethality in DMD
model mice, indicating that dose reduction of the G-CSF/G-CSFR

system could not support the balance between degeneration and
regeneration. We also showed that G-CSF administration in mice
with severe DMD markedly improves the phenotype, including
muscle pathology, functioning and lifespan. Together, our data
suggested that the G-CSF–G-CSFR axis is fundamentally
important for long-term muscle regeneration, functional main-
tenance and lifespan extension in DMD mouse models with
varying severities.

Results
G-CSFR is expressed in activated SCs. To explore the precise
expression pattern of G-CSFR in skeletal muscle, we examined
the SCs on isolated myofibres from the extensor digitorum longus
(EDL) muscles of wild-type mice. This model preserves the
physiological behaviour of SCs through activation, proliferation
and differentiation on myofibres. In the isolated myofibres,
PAX7þ quiescent SCs showed no G-CSFR expression by
immunostaining at the time of myofibre isolation (Fig. 1a).
G-CSFR expression was observed in the PAX7þ cells after 6 h
(Fig. 1a,c), when MYOD expression also appeared (Fig. 1b;
Supplementary Fig. 1a). G-CSFR expression was still apparent at
48 h in the MYOGENINþ SCs, which are committed to differ-
entiation (Supplementary Fig. 1b,c)18. By 24 and 48 h, the number
of G-CSFR-expressing cells increased to B94% of PAX7þ cells
(Fig. 1c).

Asymmetrically expressed G-CSFR in activated SCs.
Unexpectedly, we found that G-CSFR is asymmetrically dis-
tributed within migrating SCs obtained from isolated myofibres at
day 5 (Fig. 2a). This asymmetric distribution of G-CSFR was
apparent in B20% of PAX7þ SCs at 72 h (Fig. 2b). Syndecan-4
(SDC4) was expressed in the activated SCs until mature myocyte
fusion occurred; thus, paired SDC4þ cells were characterized as
the daughter cells of SC division19,20. The majority of paired
SDC4þ cells showed equivalent expression of G-CSFR (94.4%;
Fig. 2c), but in the remaining 5.6% of paired SDC4þ cells,
G-CSFR was detectable in only one daughter cell (Fig. 2d).
Similarly, single SDC4þ SCs either express G-CSFR or not
(Fig. 2e,f). In B5% of paired PAX7þ /SDC4þ cells, one
daughter cell highly expressed G-CSFR; in the other daughter
cell, G-CSFR expression was not observed (Fig. 2g). In addition,
in B5% of paired PAX7þ cells, one G-CSFRþ daughter cell
highly expressed MYOD, whereas no MYOD expression observed
in the other (Fig. 2h). These data suggested that G-CSFR is
expressed from the activation of SCs through asymmetrical
distribution during the first divisions but is not expressed in the
self-renewing PAX7þ /MYOD� SCs (Supplementary Fig. 2).

G-CSF increases SCs via the G-CSF–G-CSFR axis. To elucidate
whether G-CSFR signalling affects the populations of SCs, we
examined the PAX7þ cell population in cultured myofibres from
wild-type and G-CSFR-mutated (csf3r� /� ) mice. At 0 and 24 h,
there was no significant difference in the number of PAX7þ cells
between wild-type and csf3r� /� mice; however, at 48 h, the
csf3r� /� mice showed a significantly smaller number of
PAX7þ cells than that of wild-type mice (Fig. 3a,b). At 24 h,
most PAX7þ cells express MYOD, are activated and thereafter
proliferate and commit to differentiation21–23. In the csf3r� /�
mice, the number of MYODþ /PAX7þ cells was significantly
decreased in PAX7þ cells activated for 24 h (Fig. 3c,d),
suggesting that the genetic ablation of G-CSFR signalling
negatively affects the population of activated SCs. We then
examined the direct role of G-CSF on SCs from wild-type mice.
At 72 h, the subpopulation of activated SCs had lost MYOD
expression in vivo and on cultured myofibres21–23. Surprisingly,
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csf3r�/� mice for PAX7 (red) and DAPI (blue) at 48 h. Scale bar, 50mm. (b) Time course of the number of satellite cells (PAX7þ ) at 0, 24 and 48 h per

myofibre of WT and csf3r�/� mice. Data are shown as mean±s.d. **Po0.01; equal variance Student’s t-test. Each fibre number: n¼ 20–29.

(c) Immunostaining of satellite cells on myofibres of WT and csf3r�/� mice for PAX7 (red), MYOD (green) and DAPI (blue) at 24 h. Scale bar, 50mm.

(d) The percentage of MYODþ/ PAX7þ satellite cells at 24 h. Data are shown as mean±s.d. **Po0.01; unequal variance Student’s t-test. Each

fibre number: n¼ 29). (e) Immunostaining of satellite cells on myofibres of WTmice administered control and G-CSF and csf3r �/� mice after being

cultured for 72 h for PAX7 (red), MYOD (green) and DAPI (blue), as well as bright-field images. Scale bar, 50mm. (f) Quantification of the number of

PAX7� /MYODþ (green), PAX7þ /MYODþ (red) or PAX7þ /MYOD� (blue) satellite cells per myofibre. Data are shown as mean±s.d. One-way

analysis of variance with Bonferroni’s post hoc test. Quantification information in Supplementary Table 1. (g) Time course of cardiotoxin (CTX) injection

and examination for 8-week-old WTand csf3r�/� mice. (h) Immunostaining of cross-sections of TA muscle of WTand csf3r�/� mice at 14 days after

CTX injection for laminin, PAX7 and DAPI. Upper panel: merged with laminin (green), PAX7 (red) and DAPI (blue). Lower panel: merged with laminin

(green) and DAPI (white). Arrows indicate PAX7þ /DAPIþ cells. Scale bar, 20mm. (i) Number of PAX7þ /DAPIþ cells per 100 myocytes of WT and
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analysis of variance with Bonferroni’s post hoc test. Quantification information in Supplementary Table 1. (g) Time course of cardiotoxin (CTX) injection

and examination for 8-week-old WTand csf3r�/� mice. (h) Immunostaining of cross-sections of TA muscle of WTand csf3r�/� mice at 14 days after
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perimeter in G-CSF-treated mice at 5 weeks of age suggested
enhanced muscle function recovery (Fig. 5g). G-CSF also
significantly improved exercise capacity in the mice by 5 weeks
of age based on in vivo exercise tolerance testing (Fig. 5h). In a
pure muscle function test, ex vivo tetanic force measurements and
specific force examinations showed significantly improved muscle
tension in the treated mice at 5 weeks of age (Fig. 5i,j).
Next, we examined whether G-CSF treatment would accelerate

the regeneration process following cardiotoxin injury in mdx
mice (Fig. 6a). The number of myocytes with central nuclei
significantly increased by G-CSF administration in cardiotoxin-
injured mdx mice (Fig. 6b,c). The number of BF-45þ myocytes

was also significantly increased by G-CSF treatment (Fig. 6d,e).
The TA muscle perimeter was also increased by G-CSF treatment
in cardiotoxin-injured mdx mice (Fig. 6f). These data suggested
that G-CSF significantly improves muscle function through
myocyte regeneration in mdx mice.

Haploinsufficiency of G-CSFR induces lethality in mdx mice.
To clarify the roles of G-CSF in DMD, we next used csf3r� /�
mice, which show a slight haematological disorder and a
normal lifespan28,29. We hypothesized that breeding G-CSFR
homozygote-knockout mdx mice (mdx/csf3r� /� ) would produce

mdx

G-CSF administration

Examination

Control

Control

0 
wee

k

3 
wee

k

5 
wee

k

la
m

in
in

G-CSF

G-CSF

0

200

10
0 

– 
50

0

50
1 

– 
10

00

15
 –

 2
0

26
 –

 3
0

21
 –

 2
5

31
 –

 3
5

(min)

10
01

 –
 1

50
0

10
01

 –
 2

50
0

30
01

 –
 3

50
0

15
01

 –
 2

00
0

25
01

 –
 3

00
0

35
01

 –
 4

00
0

40
00

 <

(µm2)

400

600

800

1000
Myocyte size

M
yo

cy
te

 n
um

be
r

0

20

40

60

0

40

80

120

0

0

2

4

4

6

8

20

10

0

30

20

10

Control

BF-45+ myocytes

Tetanic force

Specific force

NS

*

**

*

G-CSF

0

40

(%)

(%)

(mN)(mm)

(n)

Muscle perimeter

Exercise tolerance test

Central
nuclear myocytes

*

30
200 µm

100 µm

DAPI laminin

BF-45

DAPI laminin

BF-45MERGE MERGE

100 µm100 µm

Figure 5 | G-CSF increases skeletal muscle regeneration in mdx mice. (a) Time course of G-CSF administration and examination in mdx mice.

(b) Immunostaining of cross-sections of TA muscle for laminin at 5 weeks of age mdx mice. Scale bar, 200mm (upper panel); 100mm (lower panel).
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We previously showed that G-CSF apparently activates JNK
and p38 signalling in cultured myoblasts9. Therefore, we
examined whether these pathways are active in activated SCs.
Immunostaining for pJNK and pp38 revealed that both JNK and
p38 are activated in G-CSFRþ SCs (Fig. 4a; Supplementary
Fig. 3a). The p38 pathway is required for SC activation and
MYOD induction following proliferation24; herein, p38 inhibition
in single myofibres decreased the population of PAX7� /
MYODþ SCs with or without G-CSF (Supplementary
Fig. 3b,c; Supplementary Table 1). Although JNK signalling is
involved in myoblast differentiation25, its role in SC behaviour
remains unclear. In paired PAX7þ cells, the G-CSFR-expressing
daughter cells highly expressed activated JNK, whereas the other
daughter cells without G-CSFR expression did not (Fig. 4b). JNK
inhibition also strongly reduced the number of PAX7þ /
MYOD� and PAX7þ /MYODþ cells in single myofibres
(Fig. 4c,d; Supplementary Table 1). These data indicated that
G-CSF increases both activated and self-renewal SCs through the
G-CSF–G-CSFR–JNK axis, suggesting that G-CSF could increase
long-term regeneration in chronic skeletal muscle injury through
maintenance of the SC pool.

G-CSF increases muscle regeneration in mdx mice. Patients
with DMD show progressive physical impairment leading to the
death by 20–30 years of age, whereas a mouse model of DMD
(mdx mice) harbouring a dystrophin mutation has minimal
physical impairment and a normal lifespan26. Indeed, mdx mice
appear grossly normal (Supplementary Fig. 4a). However,
pathological analysis revealed apparent muscle degeneration
and regeneration in these mdx mice from 3 to 5 weeks of age

(Supplementary Fig. 4b). Myocyte numbers in the tibialis anterior
(TA) muscle were decreased at 3 weeks of age, but were thereafter
recovered (Supplementary Fig. 4c). Generally, healthy myocytes
have peripherally located nuclei, and regenerating and
regenerated myocytes have central nuclei. The mdx mice
myocytes showed central nuclei from 4 weeks of age and
increased in number up to 12 weeks of age (Supplementary
Fig. 4d). These data suggested initial injury to the muscle fibres
with subsequent regeneration to an almost normal state in
the mdx mice. The histological observation of TA muscle
showed strong G-CSFR expression in regenerating myocytes
(Supplementary Fig. 4e), implicating the possible role of
G-CSF in the muscle regeneration process. We then examined
whether G-CSF administration would improve skeletal muscle
regeneration in mdx mice. We examined the gross appearance
and functional differences following daily intraperitoneal (i.p.)
G-CSF injections from 3 to 5 weeks of age (Fig. 5a).
Immunostaining for laminin showed the typically fine cellular
architecture of TA muscle (Fig. 5b). The number of myocytes
with central nuclei significantly increased with G-CSF
administration at 5 weeks of age (Fig. 5c). The BF-45 antibody
recognizes myosin heavy chain present during embryonic and
neonatal skeletal muscle development and in newly formed adult
regenerating myocytes27. Immunostaining for BF-45 in 4-week-
old mice treated with G-CSF revealed significantly increased
numbers of regenerating myocytes (Fig. 5d,e). Measuring the
individual cross-sectional area of the myocytes further revealed a
significantly increased proportion of small myocytes, indicating a
substantial amount of newly formed regenerated myocytes at 5
weeks of age (Fig. 5f). Given that muscle size is a predictive value
for muscle function, the demonstrated increase in the TA muscle
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perimeter in G-CSF-treated mice at 5 weeks of age suggested
enhanced muscle function recovery (Fig. 5g). G-CSF also
significantly improved exercise capacity in the mice by 5 weeks
of age based on in vivo exercise tolerance testing (Fig. 5h). In a
pure muscle function test, ex vivo tetanic force measurements and
specific force examinations showed significantly improved muscle
tension in the treated mice at 5 weeks of age (Fig. 5i,j).
Next, we examined whether G-CSF treatment would accelerate

the regeneration process following cardiotoxin injury in mdx
mice (Fig. 6a). The number of myocytes with central nuclei
significantly increased by G-CSF administration in cardiotoxin-
injured mdx mice (Fig. 6b,c). The number of BF-45þ myocytes

was also significantly increased by G-CSF treatment (Fig. 6d,e).
The TA muscle perimeter was also increased by G-CSF treatment
in cardiotoxin-injured mdx mice (Fig. 6f). These data suggested
that G-CSF significantly improves muscle function through
myocyte regeneration in mdx mice.

Haploinsufficiency of G-CSFR induces lethality in mdx mice.
To clarify the roles of G-CSF in DMD, we next used csf3r� /�
mice, which show a slight haematological disorder and a
normal lifespan28,29. We hypothesized that breeding G-CSFR
homozygote-knockout mdx mice (mdx/csf3r� /� ) would produce
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We previously showed that G-CSF apparently activates JNK
and p38 signalling in cultured myoblasts9. Therefore, we
examined whether these pathways are active in activated SCs.
Immunostaining for pJNK and pp38 revealed that both JNK and
p38 are activated in G-CSFRþ SCs (Fig. 4a; Supplementary
Fig. 3a). The p38 pathway is required for SC activation and
MYOD induction following proliferation24; herein, p38 inhibition
in single myofibres decreased the population of PAX7� /
MYODþ SCs with or without G-CSF (Supplementary
Fig. 3b,c; Supplementary Table 1). Although JNK signalling is
involved in myoblast differentiation25, its role in SC behaviour
remains unclear. In paired PAX7þ cells, the G-CSFR-expressing
daughter cells highly expressed activated JNK, whereas the other
daughter cells without G-CSFR expression did not (Fig. 4b). JNK
inhibition also strongly reduced the number of PAX7þ /
MYOD� and PAX7þ /MYODþ cells in single myofibres
(Fig. 4c,d; Supplementary Table 1). These data indicated that
G-CSF increases both activated and self-renewal SCs through the
G-CSF–G-CSFR–JNK axis, suggesting that G-CSF could increase
long-term regeneration in chronic skeletal muscle injury through
maintenance of the SC pool.

G-CSF increases muscle regeneration in mdx mice. Patients
with DMD show progressive physical impairment leading to the
death by 20–30 years of age, whereas a mouse model of DMD
(mdx mice) harbouring a dystrophin mutation has minimal
physical impairment and a normal lifespan26. Indeed, mdx mice
appear grossly normal (Supplementary Fig. 4a). However,
pathological analysis revealed apparent muscle degeneration
and regeneration in these mdx mice from 3 to 5 weeks of age

(Supplementary Fig. 4b). Myocyte numbers in the tibialis anterior
(TA) muscle were decreased at 3 weeks of age, but were thereafter
recovered (Supplementary Fig. 4c). Generally, healthy myocytes
have peripherally located nuclei, and regenerating and
regenerated myocytes have central nuclei. The mdx mice
myocytes showed central nuclei from 4 weeks of age and
increased in number up to 12 weeks of age (Supplementary
Fig. 4d). These data suggested initial injury to the muscle fibres
with subsequent regeneration to an almost normal state in
the mdx mice. The histological observation of TA muscle
showed strong G-CSFR expression in regenerating myocytes
(Supplementary Fig. 4e), implicating the possible role of
G-CSF in the muscle regeneration process. We then examined
whether G-CSF administration would improve skeletal muscle
regeneration in mdx mice. We examined the gross appearance
and functional differences following daily intraperitoneal (i.p.)
G-CSF injections from 3 to 5 weeks of age (Fig. 5a).
Immunostaining for laminin showed the typically fine cellular
architecture of TA muscle (Fig. 5b). The number of myocytes
with central nuclei significantly increased with G-CSF
administration at 5 weeks of age (Fig. 5c). The BF-45 antibody
recognizes myosin heavy chain present during embryonic and
neonatal skeletal muscle development and in newly formed adult
regenerating myocytes27. Immunostaining for BF-45 in 4-week-
old mice treated with G-CSF revealed significantly increased
numbers of regenerating myocytes (Fig. 5d,e). Measuring the
individual cross-sectional area of the myocytes further revealed a
significantly increased proportion of small myocytes, indicating a
substantial amount of newly formed regenerated myocytes at 5
weeks of age (Fig. 5f). Given that muscle size is a predictive value
for muscle function, the demonstrated increase in the TA muscle
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appearance at post-natal day (P) P1 (Fig. 7b); however,
mdx/csf3rþ /� mice had significantly reduced body weights
compared with mdx littermates (Fig. 7c). To elucidate the cause
of early lethality, we examined the mice for gross appearance
of the diaphragm and degenerative lesions by Evans blue
staining. Lesions were largely absent from the mdx, csf3rþ /�
and wild-type mice, whereas the mdx/csf3rþ /� mice showed

obvious degenerative lesions (Fig. 7d,e). Diaphragm thickness
was also significantly decreased in mdx/csf3rþ /� mice
compared with mdx littermates (Fig. 7f). The population of
PAX7þ cells in diaphragm was also significantly decreased in
mdx/csf3rþ /� mice (Fig. 7g,h). Whole-body plethysmography
indicated that mdx/csf3rþ /� mice showed mildly impaired
respiratory function (Fig. 7i–k). In addition, the surviving

Survival curve

20 40 60 (Day)

mdx

Body weight(g)
**1.6

1.2

0.8

0.4

0

0

100

200

300

0

0.4

0.8

1.2

0

10

20

30

Diaphragm thickness

PAX7 positive cell

**

**
NS

0

100

200

300

(µm)

mdx

mdx

mdx

csf3r +/–

csf3r +/–

csf3r +/–

csf3r +/–

mdx/ csf3r +/–

mdx/ csf3r +/–

mdx/ csf3r +/–

mdx/ csf3r +/–

WT

WT

WT

m
dx

cs
f3

r +
/–

m
dx

/ c
sf3

r +
/–

W
T

m
dx

cs
f3

r +
/–

m
dx

/ c
sf3

r +
/–

W
T

m
dx

m
dx

m
dx

cs
f3

r +
/–

m
dx

/ c
sf3

r +
/– m

dx
/ c

sf3
r +

/–

m
dx

/ c
sf3

r +
/–

W
T

mdx csf3r +/–

BPM (ml/g) Tidal volume

mdx/ csf3r +/– WT

2 mm

50 µm

1.0

0.8

0.6

0.4

0.2

Body weight

**
*

*

2 4 6 8 (Weeks)

25

(g)

20

15

10

5

0

csf3r +/– mdx/ csf3r +/–

laminin DAPIPAX7 laminin DAPIPAX7 laminin DAPIPAX7 laminin DAPIPAX7

50 mm50 mm 50 mm 50 mm

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7745 ARTICLE

NATURE COMMUNICATIONS | 6:6745 | DOI: 10.1038/ncomms7745 | www.nature.com/naturecommunications 9

& 2015 Macmillan Publishers Limited. All rights reserved.

mice with severely impaired muscle regeneration and function.
Surprisingly, G-CSFR heterozygote mdx (mdx/csf3rþ /� ) mice
showed early partial lethality after birth and late partial lethality

at 3–5 weeks of age (Fig. 7a). These striking data indicated
the importance of proper G-CSF signalling in DMD. The
mdx, csf3rþ /� and mdx/csf3rþ /� mice were of normal gross
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appearance at post-natal day (P) P1 (Fig. 7b); however,
mdx/csf3rþ /� mice had significantly reduced body weights
compared with mdx littermates (Fig. 7c). To elucidate the cause
of early lethality, we examined the mice for gross appearance
of the diaphragm and degenerative lesions by Evans blue
staining. Lesions were largely absent from the mdx, csf3rþ /�
and wild-type mice, whereas the mdx/csf3rþ /� mice showed

obvious degenerative lesions (Fig. 7d,e). Diaphragm thickness
was also significantly decreased in mdx/csf3rþ /� mice
compared with mdx littermates (Fig. 7f). The population of
PAX7þ cells in diaphragm was also significantly decreased in
mdx/csf3rþ /� mice (Fig. 7g,h). Whole-body plethysmography
indicated that mdx/csf3rþ /� mice showed mildly impaired
respiratory function (Fig. 7i–k). In addition, the surviving
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mice with severely impaired muscle regeneration and function.
Surprisingly, G-CSFR heterozygote mdx (mdx/csf3rþ /� ) mice
showed early partial lethality after birth and late partial lethality

at 3–5 weeks of age (Fig. 7a). These striking data indicated
the importance of proper G-CSF signalling in DMD. The
mdx, csf3rþ /� and mdx/csf3rþ /� mice were of normal gross
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8-week-old mdx mice. (b) Haematoxylin and eosin staining of cross-sections of TA muscle at day 3 after CTX injection. Scale bar, 100 mm. (c) The

percentages of central nuclear myocytes in cross-sections of TA muscle at day 3 after CTX injection. Data are shown as mean±s.d. *Po0.05; unequal

variance Student’s t-test. n¼4 per group. (d) Immunostaining of cross-sections of TA muscle for BF-45 (red), laminin (green) and DAPI (blue) at day 3

after CTX injection. Scale bar, 100mm. (e) The percentages of BF-45-positive myocytes in cross-sections of TA muscle at day 3 after CTX injection.

Data are shown as mean±s.d. *Po0.05; unequal variance Student’s t-test. n¼ 5 per group. (f) Muscle perimeters of cross-sections of TA muscle at day 3

after CTX injection. Data are shown as box plot. Top, maximum; bottom, minimum. *Po0.05; Student’s t-test. n¼4–6 per group. CTX, cardiotoxin;

DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; NS, not significant.

Figure 7 | G-CSF signalling is essential for the survival in mdx mice. (a) Kaplan–Meier survival curve of csf3rþ/� (red, n¼ 50), mdx (yellow, n¼ 50)

and mdx/csf3rþ/� (blue, n¼ 53) mice. (b) Gross appearance of mdx, csf3rþ/� , mdx/csf3rþ/� and WTmice at post-natal day 1. (c) Body weights of

mdx (n¼ 7), csf3rþ/� (n¼ 9), mdx/csf3rþ/� (n¼ 11) and WT (n¼ 15) mice at post-natal day 1. Data are shown as box plot. Top, maximum; bottom,

minimum. **Po0.01; unequal variance Student’s t-test. (d) Evans blue staining of the diaphragm of mdx, csf3rþ/� , mdx/csf3rþ/� and WTmice at post-

natal day 1. (e) Haematoxylin and eosin staining of the diaphragm of mdx, csf3rþ/� , mdx/csf3rþ/� and WTmice at post-natal day 1. Scale bar, 50mm.
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Student’s t-test; n¼ 5 per group. (g) Immunostaining of cross-sections of the diaphragm for PAX7 (red), laminin (green) and DAPI (blue) at post-natal day

1 of mdx, csf3rþ/� , mdx/csf3rþ/� and WTmice. Scale bar, 50mm. (h) Number of PAX7þ /DAPIþ cells per 100 myocytes at post-natal day 1 of mdx,

csf3rþ/� , mdx/csf3rþ/� and WTmice. Data are shown as mean±s.d. **Po0.01; Student’s t-test; n¼ 5 per group. (i) Whole-body plethysmography to

examine the respiratory function of individual mice. (j) Breath per min (BPM) in 8-week-old mdx and mdx/csf3rþ/� mice. Data are shown as mean±s.d.
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DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; NS, not significant; WT, wild type.
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P13 (Fig. 8a). Mdx/csf3rþ /� mice that survived the initial early
lethality prevalence showed significantly increased degeneration
with decreased numbers of regenerating myocytes atB4 weeks of
age that remained at B8 weeks of age (Fig. 8b). The myocyte
number and TA muscle perimeter were also significantly
decreased in mdx/csf3rþ /� mice at 8 weeks of age (Fig. 8c,d).
Ex vivo muscle tension examination also indicated significantly
decreased tetanic and specific forces in the mdx/csf3rþ /� mice
compared with mdx mice (Fig. 8e,f). The population of PAX7þ
cells was also significantly decreased in mdx/csf3rþ /� mice
(Fig. 8g,h). These results confirmed that G-CSF signal is crucial
for skeletal muscle regeneration in mdx mice.

G-CSF supports the survival of severe DMD model mice. The
physically normal appearance of mdx mice could reflect a
redundant function of the utrophin gene, a dystrophin paralogue.
The mdx/utrn� /� mice that express neither dystrophin
nor utrophin manifest severe dystrophy resembling human
DMD30,31. These mice showed an apparently small body size
compared with the mdx mice (Supplementary Fig. 5a), with
prominent skeletal muscle degeneration that remained to a late
stage of post-natal growth (Supplementary Fig. 5b). Total
myocyte number in TA muscle was also decreased from 2 to
5 weeks of age in these mdx/utrn� /� mice, and recovered
thereafter (Supplementary Fig. 5c), and central nuclear myocytes
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Figure 9 | G-CSF improves the survival of mice with severe muscular dystrophy. (a) Time course of G-CSF administration. (b) Haematoxylin and eosin
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panel); 50mm (lower panel). (c) Perimeters of cross-sections of TA muscle at 5 weeks of age. Data are shown as box plot. Top, maximum; bottom,

minimum. **Po0.01; unequal variance Student’s t-test; n¼ 6 per group. (d) Ratios of moist muscle weight to body weight at 5 weeks of age. Data are

shown as mean±s.d. *Po0.05; equal variance Student’s t-test; n¼9 per group. (e) Immunostaining of cross-sections of TA muscle for BF-45 (red),

laminin (green) and DAPI (blue) at 4 weeks of age. Scale bar, 50mm. (f) The percentages of BF-45-positive myocytes in cross-sections of TA muscle at

4 weeks of age. Data are shown as mean±s.d. **Po0.01; equal variance Student’s t-test; n¼ 5 per group. (g) The individual fibre cross-sectional areas of

the myocytes in TA muscle at 5 weeks of age. Data are shown as mean; n¼6 per group. (h) Tetanic force examination of ex vivo EDL muscle tension at
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(j) Kaplan–Meier survival curve of mdx/utrn� /� mice without G-CSF (n¼ 13), with G-CSF (n¼ 10) or with G-CSF administration starting at day 100

(n¼9). DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride.
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mdx/csf3rþ /� mice showed consecutive body weight loss
compared with csf3rþ /� mice (Fig. 7i). Because most mdx/
csf3rþ /� mice with a strong phenotype died before 5 weeks of
age and relative healthy mdx/csf3rþ /� mice survive, the
differences in body weight and respiratory function would be
decreased thereafter.

In mdx mice, skeletal muscle degeneration and regeneration is
prominent at 3–5 weeks of age. We therefore proposed that
mdx/csf3rþ /� mice might show deteriorating muscle regenera-
tion and function around that age. Gross examination revealed a
smaller body size in mdx/csf3rþ /� and mdx/csf3r� /� mice at
P7, and apparently smaller body size in mdx/csf3r� /� mice at
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the lower (upper panel) and higher (lower panel) magnified images. Scale bar, 100 mm (upper panel); 50mm (lower panel). (c) The total numbers of

myocytes in cross-sections of TA muscle at 8 weeks. Data are shown as mean±s.d. **Po0.01; unequal variance Student’s t-test; n¼ 5 per group.

(d) Perimeters of cross-sections of TA muscle at 8 weeks of age. Data are shown as mean±s.d. *Po0.05; unequal variance Student’s t-test; n¼ 5

per group. (e) Tetanic force examination of ex vivo EDL muscle tension at 8 weeks of age. Data are shown as mean±s.d. *Po0.05; unequal variance

Student’s t-test; n¼ 5 per group. (f) Specific forces, represented by tetanic force per muscle size ratios, at 8 weeks of age. Data are shown as mean±s.d.

*Po0.05; unequal variance Student’s t-test; n¼ 6 per group. (g) Immunostaining of cross-sections of TA muscle from mdx and mdx/csf3rþ/� mice
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P13 (Fig. 8a). Mdx/csf3rþ /� mice that survived the initial early
lethality prevalence showed significantly increased degeneration
with decreased numbers of regenerating myocytes atB4 weeks of
age that remained at B8 weeks of age (Fig. 8b). The myocyte
number and TA muscle perimeter were also significantly
decreased in mdx/csf3rþ /� mice at 8 weeks of age (Fig. 8c,d).
Ex vivo muscle tension examination also indicated significantly
decreased tetanic and specific forces in the mdx/csf3rþ /� mice
compared with mdx mice (Fig. 8e,f). The population of PAX7þ
cells was also significantly decreased in mdx/csf3rþ /� mice
(Fig. 8g,h). These results confirmed that G-CSF signal is crucial
for skeletal muscle regeneration in mdx mice.

G-CSF supports the survival of severe DMD model mice. The
physically normal appearance of mdx mice could reflect a
redundant function of the utrophin gene, a dystrophin paralogue.
The mdx/utrn� /� mice that express neither dystrophin
nor utrophin manifest severe dystrophy resembling human
DMD30,31. These mice showed an apparently small body size
compared with the mdx mice (Supplementary Fig. 5a), with
prominent skeletal muscle degeneration that remained to a late
stage of post-natal growth (Supplementary Fig. 5b). Total
myocyte number in TA muscle was also decreased from 2 to
5 weeks of age in these mdx/utrn� /� mice, and recovered
thereafter (Supplementary Fig. 5c), and central nuclear myocytes
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Figure 9 | G-CSF improves the survival of mice with severe muscular dystrophy. (a) Time course of G-CSF administration. (b) Haematoxylin and eosin

staining of cross-sections of TA muscle from mdx/utrn� /� mice at 5 weeks of age (left: control; right: G-CSF administration). Scale bar, 200mm (upper

panel); 50mm (lower panel). (c) Perimeters of cross-sections of TA muscle at 5 weeks of age. Data are shown as box plot. Top, maximum; bottom,

minimum. **Po0.01; unequal variance Student’s t-test; n¼ 6 per group. (d) Ratios of moist muscle weight to body weight at 5 weeks of age. Data are

shown as mean±s.d. *Po0.05; equal variance Student’s t-test; n¼9 per group. (e) Immunostaining of cross-sections of TA muscle for BF-45 (red),

laminin (green) and DAPI (blue) at 4 weeks of age. Scale bar, 50mm. (f) The percentages of BF-45-positive myocytes in cross-sections of TA muscle at

4 weeks of age. Data are shown as mean±s.d. **Po0.01; equal variance Student’s t-test; n¼ 5 per group. (g) The individual fibre cross-sectional areas of

the myocytes in TA muscle at 5 weeks of age. Data are shown as mean; n¼6 per group. (h) Tetanic force examination of ex vivo EDL muscle tension at

5 weeks of age is presented. Data are shown as mean±s.d. **Po0.01; unequal variance Student’s t-test; n¼ 5 per group. (i) Specific force results,

represented by tetanic force per muscle size ratios. Data are shown as mean±s.d. *Po0.05; unequal variance Student’s t-test; n¼ 5 per group.

(j) Kaplan–Meier survival curve of mdx/utrn� /� mice without G-CSF (n¼ 13), with G-CSF (n¼ 10) or with G-CSF administration starting at day 100

(n¼9). DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride.
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mdx/csf3rþ /� mice showed consecutive body weight loss
compared with csf3rþ /� mice (Fig. 7i). Because most mdx/
csf3rþ /� mice with a strong phenotype died before 5 weeks of
age and relative healthy mdx/csf3rþ /� mice survive, the
differences in body weight and respiratory function would be
decreased thereafter.

In mdx mice, skeletal muscle degeneration and regeneration is
prominent at 3–5 weeks of age. We therefore proposed that
mdx/csf3rþ /� mice might show deteriorating muscle regenera-
tion and function around that age. Gross examination revealed a
smaller body size in mdx/csf3rþ /� and mdx/csf3r� /� mice at
P7, and apparently smaller body size in mdx/csf3r� /� mice at
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Figure 8 | Haploinsufficiency of G-CSFR reduces muscle regeneration in mdx mice. (a) Gross appearance analyses showing body size differences

among mdx, mdx/csf3rþ/� and mdx/csf3r�/� mice at post-natal day 7 (left panel) and between mdx/csf3rþ/� and mdx/csf3r�/� mice at post-natal

day 13 (right panel). (b) Haematoxylin and eosin staining of cross-sections of TA muscle from mdx/csf3rþ/� mice from 2 to 8 weeks of age are shown in

the lower (upper panel) and higher (lower panel) magnified images. Scale bar, 100 mm (upper panel); 50mm (lower panel). (c) The total numbers of

myocytes in cross-sections of TA muscle at 8 weeks. Data are shown as mean±s.d. **Po0.01; unequal variance Student’s t-test; n¼ 5 per group.

(d) Perimeters of cross-sections of TA muscle at 8 weeks of age. Data are shown as mean±s.d. *Po0.05; unequal variance Student’s t-test; n¼ 5

per group. (e) Tetanic force examination of ex vivo EDL muscle tension at 8 weeks of age. Data are shown as mean±s.d. *Po0.05; unequal variance

Student’s t-test; n¼ 5 per group. (f) Specific forces, represented by tetanic force per muscle size ratios, at 8 weeks of age. Data are shown as mean±s.d.

*Po0.05; unequal variance Student’s t-test; n¼ 6 per group. (g) Immunostaining of cross-sections of TA muscle from mdx and mdx/csf3rþ/� mice

at 5 and 8 weeks of age for laminin, PAX7 and DAPI. Upper panel: merged with laminin (green), PAX7 (red) and DAPI (blue). Lower panel: merged

with laminin (green) and DAPI (white). Arrows indicate PAX7þ /DAPIþ cells. Scale bar, 20mm. (h) Number of PAX7þ /DAPIþ cells per 100 myocytes

of mdx and mdx/csf3rþ/� mice at 5 and 8 weeks of age. Data are shown as mean±s.d. *Po0.05, **Po0.01; unequal variance Student’s t-test; n¼ 5 per

group. DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride; NS, not significant; WT, wild type.
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utrophin-knockout status used a forward primer complementary to exon 7 of
mouse utrophin (50-GTGAAGGATGTCATGAAAG-30) and reverse primers
complementary either to intron 7 (50-TGAAGTCCGAAAGAGATACC-30) or to
the PGK promoter located within the Neo-knockout cassette (50-ACGAGACTAGT
GAGACGTGC-30). PCR reactions were carried out under the following conditions:
35 cycles of 94 �C for 30 s, 57 �C for 30 s and 72 �C for 25 s. PCR analysis to
determine mutant csf3r alleles used a forward primer complementary to mouse
csf3r (50-AGTTCACCAGGCAGGTGAGT-30) and reverse primers complementary
to wild-type alleles (50-GTAGGCCTAGTTCATACCTG-30) or mouse mutant csf3r
alleles (50-TCCAGACTGCCTTGGGAAAA-30). The PCR cycling conditions for
both reactions were as follows: 95 �C for 4min, followed by 30 cycles of 95 �C for
30 sec, 60 �C for 30 sec and 72 �C for 45 sec. Each reaction yielded a 279-bp product
for the wild-type allele and a 366-bp product for the mutant csf3r allele. All PCR
reactions were conducted using the Taq DNA Polymerase kit (TaKaRa, Shiga,
Japan).

G-CSF treatment. G-CSF (Neutrogin, 100 mg; Chugai, Tokyo, Japan) was diluted
in 1ml of saline (concentration of 100mgml� 1). Short-term treatment for mdx
mice involved daily i.p. injections of 5 mg G-CSF from 3 to 5 weeks of age using a
27-gauge needle. Middle-term treatment for mdx/utrn� /� mice involved daily i.p.
injections from 3 to 8 weeks of age at 5 mg using a 27-gauge needle. Long-term
treatment for mdx/utrn� /� mice involved daily i.p. injections from 3 to 5 weeks of
age and twice weekly from 10 weeks of age at 5 mg using a 27-gauge needle. Late
treatment for mdx/utrn� /� mice involved twice weekly i.p. injections from 10
weeks of age at 5 mg using a 27-gauge needle.

Histological analysis. Frozen section of TA muscle was stained by haematoxylin
and eosin to measure the ratio of muscle regeneration. The fibre cross-sectional
area was measured using software (BZ-H1C: Keyence, Osaka, Japan) from laminin-
stained cross-sections of TA muscle. Micrographs were taken from each section at,
� 10 and � 20 magnification with a digital camera (BIOREVO: Keyence). Evans
blue (Sigma-Aldrich, MO, USA) was dissolved in PBS (0.15M NaCl, 10mM
phosphate buffer, pH 7.0). Mice were i.p. injected with 0.5ml 0.1% Evans blue at P1
using a 27-gauge needle and were killed 3 h later.

Immunofluorescence. All immunofluorescence was carried out on 6-mm-thick
frozen sections, myofibres and SCs. The frozen sections were fixed with acetone
(WAKO, Osaka, Japan) for 20min at � 30 �C. Myofibres and SCs were fixed with
4% paraformaldehyde for 20min at room temperature. All samples were incubated
with 0.1% Triton X-100 for 5min at room temperature, washed and then incubated
with the following primary antibodies: anti-G-CSF receptor (sc-9173, 1:50: Santa
Cruz Biotechnology, CA, USA; sc-323898, 1:100, Santa Cruz Biotechnology), anti-
laminin 2 (L0663, 1:1000, Sigma-Aldrich), anti-laminin (L9393, 1:1000, Sigma-
Aldrich), anti-BF-45 (1:30, Developmental Studies Hybridoma Bank, IA, USA),
anti-MyoD (sc-32758, 1:200, mouse; sc-304, 1:200, Santa Cruz Biotechnology),
anti-Pax7 (sc-81648, 1:100, 1:40, Santa Cruz Biotechnology), anti-myogenin
(ab1835, 1:100, Abcam, Camb, UK; sc-576 1:100, Santa Cruz Biotechnology),
anti-syndecan-4 (ab24511, 1:100, Abcam), anti-phospho-SAPK/JNK (#9251 1:100,
rabbit, Cell Signaling Technology, MA, USA) and anti-phospho-p38 (sc-7973,
1:100, mouse, Santa Cruz Biotechnology). After overnight incubation, bound
antibodies were visualized with a secondary antibody conjugated with Alexa 488,
Alexa 546 or Alexa 633 (Life Technologies, CA, USA). Nuclei were stained with
4’,6-diamidino-2-phenylindole dihydrochloride (Life technologies). For Pax7
staining, an M.O.M. kit (Vector Laboratories) was used to block the endogenous
mouse IgG. The images were recorded using a confocal laser microscope system
(Carl Zeiss, Jena, Germany) and BIOREVO (Keyence).

Muscle force measurements. EDL muscles were isolated and removed from
5-week-old mice. The muscles were carefully mounted in a chamber filled with PBS
(95% O2 and 5% CO2) and maintained at 30 �C. One tendon of the muscle was
attached to a steel hook in the chamber, and the other was tied to the lever arm of a
dual-mode servomotor system (Electronic Stimulator; NIHON KOHDEN, Tokyo,
Japan) via 5-0 surgical silk. The muscles were stretched to the length at which a
single twitch and tetanic force showed the highest amplitude (optimal length; Lo).
The corresponding tetanic force was then measured at 150Hz over 5-s intervals for
a total of 20min, with a rest period of 120 s to change the buffer. The muscles were
adjusted to the optimum length (Lo) before all force measurements. For com-
parative purposes, all force measurements were expressed per the total muscle unit
cross-sectional area, which was calculated by dividing the muscle mass by the
product of the length and the mammalian skeletal muscle density (1.056mgmm� 3).
The specific force (N cm� 2) was calculated with the muscle density assumed as
1.056 g cm� 3.

Exercise tolerance tests. Mice were subjected to an exhaustion treadmill test by
placing them on the belt of a one-lane motorized treadmill (MK-680S Treadmill for
Rats & Mice; Muromachi Kikai, Tokyo, Japan). The test was started at an incline of
0 at 5mmin� 1 for 5min; thereafter, the speed was increased by 1mmin� 1 every

minute. The end point of the test was when the mouse remained on the shocker
plate for 420 s.

Whole-body plethysmography. Animals were placed in a free-moving chamber
that was connected to a high-gain differential pressure transducer (Valydine MP45,
Validyne, North Ridge, CA, USA). As the animal breathed, changes in the pressure
were converted to signals representing the TV; these signals were amplified (BMA
830; CWE, Ardmore, PA, USA), recorded on a strip-chart recorder (Dash 10;
Astro-Med, West Warwick, RI, USA) and stored in a computer with respiratory
acquisition software for analysis. O2 consumption and CO2 production were
measured by the open-circuit method using Beckman OM-14 and LB-2 analysers.
The parameter TV was analysed in real time, then average values were calculated
five times every 2min for each serial 3-h period. The TV was normalized by
dividing by the body weight.

Myofibre isolation and culture. Single myofibres were isolated from EDL muscles
and digested in DMEM GltaMax (Gibco, CA, USA) with 0.2% type 1 collagenase at
37 �C for 90min. Fibres were liberated by trituration in DMEM medium with
Pasteur pipettes. Isolated myofibres were cultured in suspension in serum-coated
dishes. The fibre medium contained 20% foetal bovine serum (Sigma-Aldrich),
1% chick embryo extract (US Biological, MA, USA) 1% penicillin–streptomycin
(Gibco), and DMEM GltaMax (Gibco). Single myofibres were incubated at 37 �C
with 5% CO2 for the indicated times. For the treatments, G-CSF (Neutrogin;
Chugai) was added to the fibre medium to a concentration of 0.375 ngml� 1, p38
inhibitor (SB203580, CST) was added to the fibre medium at a concentration of
10 mM and JNK inhibitor (SP600125, Cell Signaling Technology) was added to the
fibre medium at a concentration of 5 mM.

Isolation of SCs. We obtained SCs using single myofibre culture, during which the
SCs began to migrate on Matrigel (BD Biosciences, CA, USA)-coated dishes. Single
SCs were then placed in Matrigel-coated glass-base dishes (Asahi Glass, Tokyo,
Japan) and were maintained in fibre medium at 37 �C with 5% CO2 for 3 days to
allow SCs to migrate off the fibre and onto the Matrigel-coated dishes.

Statistical analysis. Values are reported as the means±s.d. The data were
analysed using StatView J-4.5 software. Comparisons between the two groups were
performed with Student’s t-test. Comparisons among the groups were performed
by one-way analysis of variance with Bonferroni’s post hoc test. Scheffe’s F-test was
used to determine the level of significance. The probability level accepted for
significance was *Po0.05, **Po0.01.
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were apparent after 3 weeks (Supplementary Fig. 5d). G-CSFR
was also expressed in regenerating myocytes in the mdx/utrn� /�
mice (Supplementary Fig. 5e).
To elucidate whether G-CSF improves skeletal muscle

regeneration in these mice, we i.p. injected G-CSF using several
schedules (Fig. 9a). After daily G-CSF injection from 3 to 5 weeks
of age, muscle size was significantly increased in the G-CSF-
treated animals at 5 weeks of age (Fig. 9b,c). G-CSF administra-
tion also significantly increased the moist muscle weight ratio of
the gastrocnemius and quadriceps muscles in mdx/utrn� /� mice
(Fig. 9d), as well as the numbers of regenerated myocytes and
total myocytes in TA muscle (Supplementary Fig. 6a,b; Fig. 9g).
The number of BF-45þ myocytes was significantly increased by
G-CSF treatment (Fig. 9e,f). The population of PAX7þ cell was
also significantly increased by G-CSF treatment (Supplementary
Fig. 6c,d). Ex vivo muscle functional analysis showed that tetanic
and specific forces were significantly increased by G-CSF
administration (Fig. 9h,i). These data suggested that G-CSF
improves skeletal muscle regeneration and muscle function in
mdx/utrn� /� mice.
The mdx/utrn� /� mice died atB3 to 5 weeks of age and after

100 days of age, resulting in 100% lethality by 180 days (Fig. 9j,
blue line). Finally, we showed that long-term G-CSF treatment
could notably improve the survival of mdx/utrn� /� mice, with
G-CSF injected daily from 3 to 5 weeks of age and twice a week
after 10 weeks of age (Fig. 9j, red line). It is clinically important to
treat developed DMD; hence, the G-CSF was also injected from
10 weeks of age. G-CSF administration prolonged the survival of
developed DMD model mice (Fig. 9j, yellow line). Whole-body
plethysmography then indicated that G-CSF administration
significantly increased respiratory function, measured by tidal
volume (TV), in the mdx/utrn� /� mice injected daily from 3
to 8 weeks of age (Supplementary Fig. 6e). The G-CSF-treated
mdx/utrn� /� mice also showed improved physical activity at
150 days of age (Supplementary Movie). Although cardiomyo-
pathy is one of the fatal phenotypes of DMD, heart morphology is
not affected by G-CSF treatment (Supplementary Fig. 6f,g). These
data strongly suggested that G-CSF improves skeletal muscle
regeneration and function, and supports the survival of DMD
model mice.

Discussion
Research over many years has sought to understand the
mechanism of skeletal muscle stem cell behaviour and elucidate
the precise pathogenesis underlying DMD and, in turn, to
develop effective therapies. Although many promising therapeutic
strategies have been developed in animal experiments32, most
human clinical trials failed to show significant efficacy in patients
with DMD12,14,33–35. In addition, with the exception of
glucocorticoids, beneficial results with immunosuppressants
were inconclusive36–39. Indeed, the precise mechanism by
which glucocorticoids increase muscle strength in DMD is not
known and its clinical effects are generally not sufficient.
Improved or additional therapies for DMD are therefore
urgently needed. G-CSF is a well-known cytokine that recruits
hematopoietic cells40. The safety and side effects in humans were
widely known from previously established clinical applications,
which enable us to use G-CSF early in clinics. Our studies now
highlight apparently encouraging the effects of G-CSF on DMD.
In this work, we showed that G-CSFR is asymmetrically
distributed in some activated SCs, and G-CSF successfully
increases the population of SCs at the multi-differentiating
stages. We successfully showed that G-CSF administration
markedly improves the phenotype of DMD model mice.
The quiescent state in SC is required for the long-term

maintenance of skeletal muscle41. We showed that G-CSF

increased the PAX7þ /MYOD� self-renewal SCs. There are
quiescent SCs among PAX7þ /MYOD� SCs, but it remains
unclear whether G-CSF would affect the quiescent SC population.
Because G-CSFR is not expressed in PAX7þ /MYOD� SCs,
G-CSF signalling would not be directly involved in the transition
from activated SCs to PAX7þ /MYOD� SCs. Furthermore, it
remains unclear how G-CSF signalling increases the population
of PAX7þ /MYOD� SCs. And intrinsic differences among
heterogenic satellite stem cells are still unclear and a practical
marker to distinguish the subpopulations of satellite stem cells
is still missing. Further precise elucidation of molecular
mechanisms may directly facilitate control of the quiescent
SC pool.
As a study limitation, we could not directly show that bone

marrow cells would not be involved in the phenotype of DMD
model. To determine whether bone marrow cells have a role in
early lethality of haploinsufficiency for G-CSFR in the dystrophic
background, we performed bone marrow transplantation using
mdx/csf3rþ /� mice of B3–4 weeks of age. There is no
established method of bone marrow transplantation for pups
earlier than those ages. We selected active eight mdx/csf3rþ /�
mice of B3–4 weeks of age and successfully performed bone
marrow transplantation. One of eight mdx/csf3rþ /� mice died
at 3 weeks after wild-type bone marrow transplantation by 8
weeks of age, which is similar to the survival rate of active mdx/
csf3rþ /� mice without bone marrow transplantation. Although
wild-type bone marrow cells could not rescue the lethality of
mdx/csf3rþ /� mice, bone marrow transplantation would
preferably be performed in mdx/csf3rþ /� mice 0 days of age;
alternatively, skeletal muscle-specific G-CSFR-deficient mice
would ideally be generated.
We confirmed that the G-CSF/G-CSFR system is critically

involved in muscle regeneration during the course of DMD in
several mouse models. Given our findings, it is surprising
that haploinsufficiency of G-CSFR leads to early lethality in
mdx mice, indicating that dose reduction of the G-CSF/G-CSFR
system cannot support the balance between degeneration
and regeneration in these mouse models. We also showed that
G-CSF administration markedly improves the phenotype of mdx/
utrn� /� mice. Together, our data suggested that G-CSF could
improve the phenotype of human DMD and could consequently
form the basis of novel and effective therapies in the near future.

Methods
Mice. C57BL/6-background mdx mice were provided by Dr T. Sasaoka (Niigata
University Niigata, Japan). The utrophin-knockout mice were a kind gift from
Dr Kay E Davies (University of Oxford, Oxford, UK)31. The dystrophin–utrophin
double-knockout male homozygous (dystrophin� /Y (mdx), utrophin� /� ) mice
were obtained by crossing those heterozygous (mdx, utrophinþ /� ) mice. The
csf3r� /� mice were kindly gifted by Dr Daniel C. Link (Washington University
School of Medicine, St Louis)28. Mice deficient in both dystrophin and csf3r were
derived by the following breeding program: male csf3r-knockout (csf3r� /� ) mice
were mated with female C57B/6 mdx (dystrophin� /X) mice, resulting in all
F1-generation mice being heterozygous for csf3r (csf3rþ /� ) and either
heterozygous for the mdxmutation (dystrophin� /X, females) or hemizygous for the
mdx mutation (dystrophin� /Y, males). All data were obtained from P1 to 20 weeks
of age male mice. All experimental procedures and protocols were approved by the
Animal Care and Use Committee of Keio University and conformed to the NIH
Guidelines for the Care and Use of Laboratory Animals.

Genotyping. DNA was isolated from mouse tails using the Easy-DNA Kit
(Invitrogen, CA, USA). PCR analysis to identify mutant dystrophin alleles used a
forward primer complementary to mouse dystrophin (50-CATAGTTATTAATG
CATAGATATTCAG-30) and reverse primers complementary to the wild-type
allele (50-GTCACTCAGATAGTTGAAGCCATTTAG-30) or mouse mutant dys-
trophin allele (50-GTCACTCAGATAGTTGAAGCCATTTAA-30). PCR cycling
conditions for both the reactions were as follows: 95 �C for 4min; 34 cycles of 95 �C
for 1min, 55 �C for 1min and 72 �C for 1min, and 72 �C for 10min. Each reaction
yielded a 275-bp product. All PCR reactions were performed using the GoTaq
DNA Polymerase kit (Promega, Madison, WI, USA). PCR analysis to assess the
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utrophin-knockout status used a forward primer complementary to exon 7 of
mouse utrophin (50-GTGAAGGATGTCATGAAAG-30) and reverse primers
complementary either to intron 7 (50-TGAAGTCCGAAAGAGATACC-30) or to
the PGK promoter located within the Neo-knockout cassette (50-ACGAGACTAGT
GAGACGTGC-30). PCR reactions were carried out under the following conditions:
35 cycles of 94 �C for 30 s, 57 �C for 30 s and 72 �C for 25 s. PCR analysis to
determine mutant csf3r alleles used a forward primer complementary to mouse
csf3r (50-AGTTCACCAGGCAGGTGAGT-30) and reverse primers complementary
to wild-type alleles (50-GTAGGCCTAGTTCATACCTG-30) or mouse mutant csf3r
alleles (50-TCCAGACTGCCTTGGGAAAA-30). The PCR cycling conditions for
both reactions were as follows: 95 �C for 4min, followed by 30 cycles of 95 �C for
30 sec, 60 �C for 30 sec and 72 �C for 45 sec. Each reaction yielded a 279-bp product
for the wild-type allele and a 366-bp product for the mutant csf3r allele. All PCR
reactions were conducted using the Taq DNA Polymerase kit (TaKaRa, Shiga,
Japan).

G-CSF treatment. G-CSF (Neutrogin, 100 mg; Chugai, Tokyo, Japan) was diluted
in 1ml of saline (concentration of 100mgml� 1). Short-term treatment for mdx
mice involved daily i.p. injections of 5 mg G-CSF from 3 to 5 weeks of age using a
27-gauge needle. Middle-term treatment for mdx/utrn� /� mice involved daily i.p.
injections from 3 to 8 weeks of age at 5 mg using a 27-gauge needle. Long-term
treatment for mdx/utrn� /� mice involved daily i.p. injections from 3 to 5 weeks of
age and twice weekly from 10 weeks of age at 5 mg using a 27-gauge needle. Late
treatment for mdx/utrn� /� mice involved twice weekly i.p. injections from 10
weeks of age at 5 mg using a 27-gauge needle.

Histological analysis. Frozen section of TA muscle was stained by haematoxylin
and eosin to measure the ratio of muscle regeneration. The fibre cross-sectional
area was measured using software (BZ-H1C: Keyence, Osaka, Japan) from laminin-
stained cross-sections of TA muscle. Micrographs were taken from each section at,
� 10 and � 20 magnification with a digital camera (BIOREVO: Keyence). Evans
blue (Sigma-Aldrich, MO, USA) was dissolved in PBS (0.15M NaCl, 10mM
phosphate buffer, pH 7.0). Mice were i.p. injected with 0.5ml 0.1% Evans blue at P1
using a 27-gauge needle and were killed 3 h later.

Immunofluorescence. All immunofluorescence was carried out on 6-mm-thick
frozen sections, myofibres and SCs. The frozen sections were fixed with acetone
(WAKO, Osaka, Japan) for 20min at � 30 �C. Myofibres and SCs were fixed with
4% paraformaldehyde for 20min at room temperature. All samples were incubated
with 0.1% Triton X-100 for 5min at room temperature, washed and then incubated
with the following primary antibodies: anti-G-CSF receptor (sc-9173, 1:50: Santa
Cruz Biotechnology, CA, USA; sc-323898, 1:100, Santa Cruz Biotechnology), anti-
laminin 2 (L0663, 1:1000, Sigma-Aldrich), anti-laminin (L9393, 1:1000, Sigma-
Aldrich), anti-BF-45 (1:30, Developmental Studies Hybridoma Bank, IA, USA),
anti-MyoD (sc-32758, 1:200, mouse; sc-304, 1:200, Santa Cruz Biotechnology),
anti-Pax7 (sc-81648, 1:100, 1:40, Santa Cruz Biotechnology), anti-myogenin
(ab1835, 1:100, Abcam, Camb, UK; sc-576 1:100, Santa Cruz Biotechnology),
anti-syndecan-4 (ab24511, 1:100, Abcam), anti-phospho-SAPK/JNK (#9251 1:100,
rabbit, Cell Signaling Technology, MA, USA) and anti-phospho-p38 (sc-7973,
1:100, mouse, Santa Cruz Biotechnology). After overnight incubation, bound
antibodies were visualized with a secondary antibody conjugated with Alexa 488,
Alexa 546 or Alexa 633 (Life Technologies, CA, USA). Nuclei were stained with
4’,6-diamidino-2-phenylindole dihydrochloride (Life technologies). For Pax7
staining, an M.O.M. kit (Vector Laboratories) was used to block the endogenous
mouse IgG. The images were recorded using a confocal laser microscope system
(Carl Zeiss, Jena, Germany) and BIOREVO (Keyence).

Muscle force measurements. EDL muscles were isolated and removed from
5-week-old mice. The muscles were carefully mounted in a chamber filled with PBS
(95% O2 and 5% CO2) and maintained at 30 �C. One tendon of the muscle was
attached to a steel hook in the chamber, and the other was tied to the lever arm of a
dual-mode servomotor system (Electronic Stimulator; NIHON KOHDEN, Tokyo,
Japan) via 5-0 surgical silk. The muscles were stretched to the length at which a
single twitch and tetanic force showed the highest amplitude (optimal length; Lo).
The corresponding tetanic force was then measured at 150Hz over 5-s intervals for
a total of 20min, with a rest period of 120 s to change the buffer. The muscles were
adjusted to the optimum length (Lo) before all force measurements. For com-
parative purposes, all force measurements were expressed per the total muscle unit
cross-sectional area, which was calculated by dividing the muscle mass by the
product of the length and the mammalian skeletal muscle density (1.056mgmm� 3).
The specific force (N cm� 2) was calculated with the muscle density assumed as
1.056 g cm� 3.

Exercise tolerance tests. Mice were subjected to an exhaustion treadmill test by
placing them on the belt of a one-lane motorized treadmill (MK-680S Treadmill for
Rats & Mice; Muromachi Kikai, Tokyo, Japan). The test was started at an incline of
0 at 5mmin� 1 for 5min; thereafter, the speed was increased by 1mmin� 1 every

minute. The end point of the test was when the mouse remained on the shocker
plate for 420 s.

Whole-body plethysmography. Animals were placed in a free-moving chamber
that was connected to a high-gain differential pressure transducer (Valydine MP45,
Validyne, North Ridge, CA, USA). As the animal breathed, changes in the pressure
were converted to signals representing the TV; these signals were amplified (BMA
830; CWE, Ardmore, PA, USA), recorded on a strip-chart recorder (Dash 10;
Astro-Med, West Warwick, RI, USA) and stored in a computer with respiratory
acquisition software for analysis. O2 consumption and CO2 production were
measured by the open-circuit method using Beckman OM-14 and LB-2 analysers.
The parameter TV was analysed in real time, then average values were calculated
five times every 2min for each serial 3-h period. The TV was normalized by
dividing by the body weight.

Myofibre isolation and culture. Single myofibres were isolated from EDL muscles
and digested in DMEM GltaMax (Gibco, CA, USA) with 0.2% type 1 collagenase at
37 �C for 90min. Fibres were liberated by trituration in DMEM medium with
Pasteur pipettes. Isolated myofibres were cultured in suspension in serum-coated
dishes. The fibre medium contained 20% foetal bovine serum (Sigma-Aldrich),
1% chick embryo extract (US Biological, MA, USA) 1% penicillin–streptomycin
(Gibco), and DMEM GltaMax (Gibco). Single myofibres were incubated at 37 �C
with 5% CO2 for the indicated times. For the treatments, G-CSF (Neutrogin;
Chugai) was added to the fibre medium to a concentration of 0.375 ngml� 1, p38
inhibitor (SB203580, CST) was added to the fibre medium at a concentration of
10 mM and JNK inhibitor (SP600125, Cell Signaling Technology) was added to the
fibre medium at a concentration of 5 mM.

Isolation of SCs. We obtained SCs using single myofibre culture, during which the
SCs began to migrate on Matrigel (BD Biosciences, CA, USA)-coated dishes. Single
SCs were then placed in Matrigel-coated glass-base dishes (Asahi Glass, Tokyo,
Japan) and were maintained in fibre medium at 37 �C with 5% CO2 for 3 days to
allow SCs to migrate off the fibre and onto the Matrigel-coated dishes.

Statistical analysis. Values are reported as the means±s.d. The data were
analysed using StatView J-4.5 software. Comparisons between the two groups were
performed with Student’s t-test. Comparisons among the groups were performed
by one-way analysis of variance with Bonferroni’s post hoc test. Scheffe’s F-test was
used to determine the level of significance. The probability level accepted for
significance was *Po0.05, **Po0.01.
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were apparent after 3 weeks (Supplementary Fig. 5d). G-CSFR
was also expressed in regenerating myocytes in the mdx/utrn� /�
mice (Supplementary Fig. 5e).
To elucidate whether G-CSF improves skeletal muscle

regeneration in these mice, we i.p. injected G-CSF using several
schedules (Fig. 9a). After daily G-CSF injection from 3 to 5 weeks
of age, muscle size was significantly increased in the G-CSF-
treated animals at 5 weeks of age (Fig. 9b,c). G-CSF administra-
tion also significantly increased the moist muscle weight ratio of
the gastrocnemius and quadriceps muscles in mdx/utrn� /� mice
(Fig. 9d), as well as the numbers of regenerated myocytes and
total myocytes in TA muscle (Supplementary Fig. 6a,b; Fig. 9g).
The number of BF-45þ myocytes was significantly increased by
G-CSF treatment (Fig. 9e,f). The population of PAX7þ cell was
also significantly increased by G-CSF treatment (Supplementary
Fig. 6c,d). Ex vivo muscle functional analysis showed that tetanic
and specific forces were significantly increased by G-CSF
administration (Fig. 9h,i). These data suggested that G-CSF
improves skeletal muscle regeneration and muscle function in
mdx/utrn� /� mice.
The mdx/utrn� /� mice died atB3 to 5 weeks of age and after

100 days of age, resulting in 100% lethality by 180 days (Fig. 9j,
blue line). Finally, we showed that long-term G-CSF treatment
could notably improve the survival of mdx/utrn� /� mice, with
G-CSF injected daily from 3 to 5 weeks of age and twice a week
after 10 weeks of age (Fig. 9j, red line). It is clinically important to
treat developed DMD; hence, the G-CSF was also injected from
10 weeks of age. G-CSF administration prolonged the survival of
developed DMD model mice (Fig. 9j, yellow line). Whole-body
plethysmography then indicated that G-CSF administration
significantly increased respiratory function, measured by tidal
volume (TV), in the mdx/utrn� /� mice injected daily from 3
to 8 weeks of age (Supplementary Fig. 6e). The G-CSF-treated
mdx/utrn� /� mice also showed improved physical activity at
150 days of age (Supplementary Movie). Although cardiomyo-
pathy is one of the fatal phenotypes of DMD, heart morphology is
not affected by G-CSF treatment (Supplementary Fig. 6f,g). These
data strongly suggested that G-CSF improves skeletal muscle
regeneration and function, and supports the survival of DMD
model mice.

Discussion
Research over many years has sought to understand the
mechanism of skeletal muscle stem cell behaviour and elucidate
the precise pathogenesis underlying DMD and, in turn, to
develop effective therapies. Although many promising therapeutic
strategies have been developed in animal experiments32, most
human clinical trials failed to show significant efficacy in patients
with DMD12,14,33–35. In addition, with the exception of
glucocorticoids, beneficial results with immunosuppressants
were inconclusive36–39. Indeed, the precise mechanism by
which glucocorticoids increase muscle strength in DMD is not
known and its clinical effects are generally not sufficient.
Improved or additional therapies for DMD are therefore
urgently needed. G-CSF is a well-known cytokine that recruits
hematopoietic cells40. The safety and side effects in humans were
widely known from previously established clinical applications,
which enable us to use G-CSF early in clinics. Our studies now
highlight apparently encouraging the effects of G-CSF on DMD.
In this work, we showed that G-CSFR is asymmetrically
distributed in some activated SCs, and G-CSF successfully
increases the population of SCs at the multi-differentiating
stages. We successfully showed that G-CSF administration
markedly improves the phenotype of DMD model mice.
The quiescent state in SC is required for the long-term

maintenance of skeletal muscle41. We showed that G-CSF

increased the PAX7þ /MYOD� self-renewal SCs. There are
quiescent SCs among PAX7þ /MYOD� SCs, but it remains
unclear whether G-CSF would affect the quiescent SC population.
Because G-CSFR is not expressed in PAX7þ /MYOD� SCs,
G-CSF signalling would not be directly involved in the transition
from activated SCs to PAX7þ /MYOD� SCs. Furthermore, it
remains unclear how G-CSF signalling increases the population
of PAX7þ /MYOD� SCs. And intrinsic differences among
heterogenic satellite stem cells are still unclear and a practical
marker to distinguish the subpopulations of satellite stem cells
is still missing. Further precise elucidation of molecular
mechanisms may directly facilitate control of the quiescent
SC pool.
As a study limitation, we could not directly show that bone

marrow cells would not be involved in the phenotype of DMD
model. To determine whether bone marrow cells have a role in
early lethality of haploinsufficiency for G-CSFR in the dystrophic
background, we performed bone marrow transplantation using
mdx/csf3rþ /� mice of B3–4 weeks of age. There is no
established method of bone marrow transplantation for pups
earlier than those ages. We selected active eight mdx/csf3rþ /�
mice of B3–4 weeks of age and successfully performed bone
marrow transplantation. One of eight mdx/csf3rþ /� mice died
at 3 weeks after wild-type bone marrow transplantation by 8
weeks of age, which is similar to the survival rate of active mdx/
csf3rþ /� mice without bone marrow transplantation. Although
wild-type bone marrow cells could not rescue the lethality of
mdx/csf3rþ /� mice, bone marrow transplantation would
preferably be performed in mdx/csf3rþ /� mice 0 days of age;
alternatively, skeletal muscle-specific G-CSFR-deficient mice
would ideally be generated.
We confirmed that the G-CSF/G-CSFR system is critically

involved in muscle regeneration during the course of DMD in
several mouse models. Given our findings, it is surprising
that haploinsufficiency of G-CSFR leads to early lethality in
mdx mice, indicating that dose reduction of the G-CSF/G-CSFR
system cannot support the balance between degeneration
and regeneration in these mouse models. We also showed that
G-CSF administration markedly improves the phenotype of mdx/
utrn� /� mice. Together, our data suggested that G-CSF could
improve the phenotype of human DMD and could consequently
form the basis of novel and effective therapies in the near future.

Methods
Mice. C57BL/6-background mdx mice were provided by Dr T. Sasaoka (Niigata
University Niigata, Japan). The utrophin-knockout mice were a kind gift from
Dr Kay E Davies (University of Oxford, Oxford, UK)31. The dystrophin–utrophin
double-knockout male homozygous (dystrophin� /Y (mdx), utrophin� /� ) mice
were obtained by crossing those heterozygous (mdx, utrophinþ /� ) mice. The
csf3r� /� mice were kindly gifted by Dr Daniel C. Link (Washington University
School of Medicine, St Louis)28. Mice deficient in both dystrophin and csf3r were
derived by the following breeding program: male csf3r-knockout (csf3r� /� ) mice
were mated with female C57B/6 mdx (dystrophin� /X) mice, resulting in all
F1-generation mice being heterozygous for csf3r (csf3rþ /� ) and either
heterozygous for the mdxmutation (dystrophin� /X, females) or hemizygous for the
mdx mutation (dystrophin� /Y, males). All data were obtained from P1 to 20 weeks
of age male mice. All experimental procedures and protocols were approved by the
Animal Care and Use Committee of Keio University and conformed to the NIH
Guidelines for the Care and Use of Laboratory Animals.

Genotyping. DNA was isolated from mouse tails using the Easy-DNA Kit
(Invitrogen, CA, USA). PCR analysis to identify mutant dystrophin alleles used a
forward primer complementary to mouse dystrophin (50-CATAGTTATTAATG
CATAGATATTCAG-30) and reverse primers complementary to the wild-type
allele (50-GTCACTCAGATAGTTGAAGCCATTTAG-30) or mouse mutant dys-
trophin allele (50-GTCACTCAGATAGTTGAAGCCATTTAA-30). PCR cycling
conditions for both the reactions were as follows: 95 �C for 4min; 34 cycles of 95 �C
for 1min, 55 �C for 1min and 72 �C for 1min, and 72 �C for 10min. Each reaction
yielded a 275-bp product. All PCR reactions were performed using the GoTaq
DNA Polymerase kit (Promega, Madison, WI, USA). PCR analysis to assess the

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7745

12 NATURE COMMUNICATIONS | 6:6745 |DOI: 10.1038/ncomms7745 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.



－  360  －

Erratum: G-CSF supports long-term muscle
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Abstract

Glioblastomas are highly aggressive tumors that contain treatment resistant stem-like cells.
Therapies targeting developmental pathways such as Notch eliminate many neoplastic
glioma cells, including those with stem cell features, but their efficacy can be limited by
various mechanisms. One potential avenue for chemotherapeutic resistance is the induction
of autophagy, but little is known how it might modulate the response to Notch inhibitors. We
used the g-secretase inhibitor MRK003 to block Notch pathway activity in glioblastoma
neurospheres and assessed its effects on autophagy. A dramatic, several fold increase of
LC3B-II/LC3B-I autophagy marker was noted on western blots, along with the emergence of
punctate LC3B immunostaining in cultured cells. By combining the late stage autophagy
inhibitor chloroquine (CQ) with MRK003, a significant induction in apoptosis and reduction
in growth was noted as compared to Notch inhibition alone. A similar beneficial effect on
inhibition of cloogenicity in soft agar was seen using the combination treatment. These
results demonstrated that pharmacological Notch blockade can induce protective autophagy
in glioma neurospheres, resulting in chemoresistance, which can be abrogated by
combination treatment with autophagy inhibitors.

INTRODUCTION

Glioblastomas are the most common primary adult brain malig-
nancy, comprising more than 50% of all gliomas (23). Despite
some advances in therapeutic options, outcomes remain dismal
with a median overall survival of 14.6 months and a 2-year survival
rate of 26.5% (33). Treatment resistant stem-like glioma cells have
been proposed as one reason for treatment failure (4, 8, 10, 25, 36,
38). We (3, 9) and others (30, 34) have demonstrated the efficacy
of g-secretase inhibitors (GSI), which block Notch pathway activ-
ity, using in vitro and in vivo glioma models. However, success has
been limited in clinical trials using GSIs as a single agent in glio-
mas (17), and in other solid tumors alone (17, 35) or in combina-
tion with other drugs (5, 26, 29). We, therefore, examined if
induction of autophagy might be limiting the therapeutic efficacy
of Notch inhibitors.

Autophagy is a dynamic process by which cellular organelles
and proteins are sequestered, delivered to lysosomes and digested
(37). Induction of autophagy has been identified as a potential
mechanism for resistance to chemotherapy (16) including temozo-
lomide (14, 18, 19, 22, 42) as well as radiation treatment (13, 41),
which represent the standard therapies for glioblastoma. Manipula-
tion of autophagy has increasingly been explored as a treatment

strategy in many cancers (21). However, there is minimal data on
the effects of the Notch pathway on autophagy in cancer (12). We
examined if Notch pathway blockade using the GSI MRK003
would induce autophagy in glioma neurosphere lines, and found
that it does. We next explored a therapeutic regimen using the late
stage autophagy inhibitor, chloroquine (CQ), in conjunction with
MRK003, and showed that the combination induced apoptosis
and more effectively decreased cell growth, proliferation and
clonogenicity.

MATERIALS AND METHODS

Cell culture conditions and drug preparation

HSR-GBM1 and JHH520 glioblastoma neurosphere lines were
used, and their identity was authenticated at the Johns Hopkins
Core Laboratory through short tandem repeat (STR) analysis.
HSR-GBM1 was a kind gift from Dr. Angelo Vescovi, JHH520
from Dr. Gregory Riggins. The HSR-GBM1 is completely methyl-
ated at the MGMT locus but resistant to temozolomide in vitro,
lacks mutation at the IDH1 and alterations in p53. For treatment
studies, neurospheres were disassociated into single cell
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Abstract
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Therapies targeting developmental pathways such as Notch eliminate many neoplastic
glioma cells, including those with stem cell features, but their efficacy can be limited by
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punctate LC3B immunostaining in cultured cells. By combining the late stage autophagy
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in glioma neurospheres, resulting in chemoresistance, which can be abrogated by
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some advances in therapeutic options, outcomes remain dismal
with a median overall survival of 14.6 months and a 2-year survival
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mas (17), and in other solid tumors alone (17, 35) or in combina-
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Autophagy is a dynamic process by which cellular organelles
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lomide (14, 18, 19, 22, 42) as well as radiation treatment (13, 41),
which represent the standard therapies for glioblastoma. Manipula-
tion of autophagy has increasingly been explored as a treatment

strategy in many cancers (21). However, there is minimal data on
the effects of the Notch pathway on autophagy in cancer (12). We
examined if Notch pathway blockade using the GSI MRK003
would induce autophagy in glioma neurosphere lines, and found
that it does. We next explored a therapeutic regimen using the late
stage autophagy inhibitor, chloroquine (CQ), in conjunction with
MRK003, and showed that the combination induced apoptosis
and more effectively decreased cell growth, proliferation and
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Cell culture conditions and drug preparation
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used, and their identity was authenticated at the Johns Hopkins
Core Laboratory through short tandem repeat (STR) analysis.
HSR-GBM1 was a kind gift from Dr. Angelo Vescovi, JHH520
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manufacturer’s instructions using the Muse Ki67 Proliferation
Assay (Millipore, Billerica, MA, USA). Cells incubated with IgG1
control in parallel were used to set the gates. The percentage of
Ki67 positive cells was determined using the Muse Cell Analyzer.
Analyses were repeated at least three separate times for each cell
line.

Cell cycle analyses

Cells were treated with DMSO, 5 mM MRK003 and/or 10 mM CQ
for 72 h. Cells were then fixed with 70% ethanol for at least 3 h
and stained with Muse Cell Cycle Reagent. Cell cycle analyses
were performed using the Muse Cell Analyzer and percentages of
sub-G1, G0/G1, S and G2/M populations were determined using
FlowJo software. Analyses were repeated at least three separate
times for each cell line.

Apoptosis assay

Apoptosis was measured using the Muse Annexin V and Dead Cell
Assay per the manufacturer’s protocol. Neurospheres were treated
with DMSO, 5 mMMRK003 and/or 10 mM CQ for 72 h. Cells were
resuspended in DMEM/F12 without phenol red with 1% Bovine
Serum Albumin (BSA) before analysis. Percentage of apoptotic and
dead cells were analyzed using the Muse Cell Analyzer. Analyses
were repeated at least three separate times for each cell line.

Clonogenic assays

Neurosphere media was mixed 3:1 with 4% agarose (Invitrogen,
Carlsbad, CA, USA) to make the bottom layer, which was used to
coat each well of a six-well plate. Neurospheres treated with
DMSO, 2 mM MRK003 or a combination of 2 mM MRK003 and
10 mM CQ for 72 h were dissociated and added to 7:1 media and

Figure 1. MRK003 inhibits Notch pathway. A. Treatment with

MRK003 inhibited downstream Notch pathway transcription factors

HES1, HES5, HEY1 in JHH520 and HSR-GBM1 lines at the mRNA

level. A statistically significant up to 50% reduction of HES1 was

seen after treatment with 5 lM MRK003. Likewise, an approximately

75% decrease of HES5 and approximately 80% decrease of HEY1

compared to DMSO control was seen after 2 lM MRK003 treatment

in both lines. Stars denote P values vs. DMSO. B. Treatment with 0.5

lM MRK003 almost completely inhibited cleaved (active) Notch1

expression in JHH520 and HSR-GBM1 lines. Inhibition of HES1 was

observed after treatment with 5 lM MRK003 in both cell lines.
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suspensions using Accutase (Sigma Aldrich, St Louis, MO, USA),
counted, plated and allowed to grow overnight in Neural Stem Cell
medium supplemented with 20 ng/mL of human epidermal growth
factor and 10 ng/mL of human fibroblast growth factor (Peprotech,
Rocky Hill, NJ, USA). All cells were grown in a humidified atmos-
phere containing 5% CO2 at 378C. The next morning, GSI
MRK003, generously provided by Merck Research Laboratories
(Boston, MA, USA), dissolved in dimethyl sulfoxide (DMSO)
(Sigma Aldrich, St Louis, MO, USA) at final concentrations of 0.5
to 5 lM, chloroquine diphosphate (CQ) (Sigma Aldrich, St Louis,
MO, USA), dissolved in phosphate buffered saline (PBS) at a final
concentration of 10 lM, or DMSO (1:1000 dilution) was added to
the media. Bafilomycin A1 (BafA1) (Sigma-Aldrich, St Louis,
MO, USA) was dissolved in DMSO at final concentrations of 0.5–
5 nM. 3-methyladenine (3-MA) (Selleckchem, Houston, TX, USA)
was diluted in DMEM at a final concentration of 10 mM.

Quantitative real-time PCR analyses

Cells were collected after treatment with 0–5 mL of MRK003 for
48 h. RNA extracted was performed using the RNeasy Mini Kit
(Quiagen) with on-column DNA digestion to prevent amplification
of genomic DNA. Reverse trancription into complementary DNA
(cDNA) was performed. cDNA levels were analyzed by quantita-
tive real-time PCR analysis with SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) on an iQ5 Multi-
color real-time PCR detection system. Standard curves were used
to determine expression levels and all values were normalized to
b-actin. Statistical comparisons were between at least three biologi-
cal replicates, each with triplicate technical replicates. Primer
sequences were as follows: HES1 forward F: 50-GTG-AAG-CAC-
CTC-CGG-AAC-30, reverse R: 50-CGT-TCA-TGC-ACT-CGC-
TGA-30; HES5 forward F: 50-GTG-CCT-CCA-CTA-TGA-TCC-
TTA-AA-30, reverse R: 50-AGT-ACA-AAG-TCG-TGC-CCA-CA-
30; HEY1 forward F: 50-TCT-GAG-CTG-AGA-AGG-CTG-GT-30,
reverse R: 50-CGA-AAT-CCC-AAA-CTC-CGA-TA-30; b-actin
forward F: 50-CCC-AGC-ACA-ATG-AAG-ATC-AA-30, reverse
R: 50-CGA-TCC-ACA-CGG-AGT-ACT-TG- 30.

Western blot analysis

Proteins were extracted from HSR-GBM1 and JHH520 after treat-
ment with MRK003 and/or CQ for 48–72 h, unless otherwise indi-
cated. The cells were lysed in RIPA buffer containing protease
inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA) and phos-
phatase inhibitors on ice for 10 minutes then centrifuged at 48C and
14,000 rpm for 5 minutes to remove cellular debris. Protein quanti-
fication was done using the Bio-Rad protein assay (Bio-Rad, Her-
cules, CA, USA). Subsequently, protein separation was performed
on 12% (for LC3B protein analysis) or 4%–12% (for analysis of
other proteins) SDS-polyacrylamide gel, and transferred onto nitro-
cellulose membranes (Invitrogen, Carlsbad, CA, USA). Membranes
were then probed with primary antibodies at 48C overnight. The
following primary antibodies were used: LC3B, P62/SQSTM1,
phospho-AKT (Ser 473), AKT (C6E7), cleaved PARP, cleaved
NOTCH1 (Val1744)(D3B8) (1:1000 dilution, Cell Signaling, Dan-
vers, MA, USA), HES1 (1:800 dilution, Aviva Systems Biology,
San Diego, CA, USA), b-actin (1:5000 dilution, Sigma-Aldrich, St
Louis, MO, USA). Secondary antibodies conjugated to horseradish

peroxidase (KPL, Gaitersberg, MD, USA) were incubated for 1 h
at room temperature and detected with a Western Lightning Plus
ECL chemiluminescent kit (PerkinElmer, Waltham, MA). All blots
were repeated at least three times and representative blots are
shown. Densitometry was performed using Image J Ver. 1.440 soft-
ware (http://rsb.info.nih.gov/ij/) (31).

Immunofluorescence and immunohistochemical
analyses

HSR-GBM1 cells were treated with DMSO or 5 mM MRK003 for
48 h, or starved for 4 h in Earle’s Basic Salt Solution (EBSS). The
cells were subsequently pelleted, fixed in 10% formalin and embed-
ded in paraffin. Antigen retrieval was performed by heating in a
pressure cooker for 30 minutes in Target Retrieval Solution (Dako,
Glostrup, Denmark). Sections were stained using anti-LC3B rabbit
polyclonal antibodies (1:10,000 dilution, ab51520, Abcam, Cam-
bridge, UK and 1:500 dilution, Cell Signaling, Danvers, MA,
USA) at 48C overnight. The sections were stained by avidin-biotin-
peroxidase complex method (Vector, Burlingame, CA, USA) with
secondary antibody incubation for 30 minutes at a dilution of
1:5000, diaminobenzidine as the chromogen and counterstained
with hematoxylin.

For immunofluorescence staining, HSR-GBM1 and JHH520
cells were grown in 10% FBS DMEM in 12 well plates on cover-
slips. From the next day, the cells were treated with DMSO or
5 mM MRK003 for 48 h. The cells were subsequently fixed in 4%
paraformaldehyde, permeabilized in ice cold (2208C) methanol for
15 minutes, blocked for 30 minutes with 5% normal goat serum
(NGS) with 0.3% Triton X solution. Sections were stained using
anti-LC3B rabbit monoclonal antibody (1:2000 dilution, ab51520,
Abcam, Cambridge, UK), which was added in 5% NGS with 0.3%
Triton X solution at 48C overnight. After washing with PBS, cells
were incubated for 90 minutes at a dilution of 1:400 in Cy-3 (Jack-
son Immunoresearch Laboratories Inc., West Grove, PA, USA)
conjugated secondary antibody. After washing with PBS, nuclei
were counterstained with DAPI 40, 6-diamindino-2-phenylindole
and coverslips were mounted on slides with antifade (Vectastain
Elite, Vector Laboratories, Burlingame, CA, USA). Confocal imag-
ing was done using the Fluoview 1000 (Olympus America, Mel-
ville, NY, USA).

Determination of cell growth

3-(4,5-dimethylthiazol-2-yl)25-(3-carboxymethoxyphenyl)22-(4-
sulfophenyl)-2H-tetrazolium (MTS) assays were performed to
determine growth in viable cell mass. Cells were dissociated
and seeded into 96-well plates at a density of 5000 per well in
200 mL of medium and treated with DMSO, 5 mM MRK003
and/or 10 mM CQ and incubated in 5% CO2 at 378C. For the
plate readings, 20 mL of MTS solution was added to each well
after 0–96 h postplating and incubated for 1 h, protected from light.
The optical density at 490 nm was subsequently measured by spec-
trophotometer. The experiments were repeated at least three times
for each cell line.

Cell proliferation assay

Cells were treated with DMSO, 5 mM MRK003 and/or 10 mM CQ
for 72 h. Cells were subsequently fixed and stained for Ki67 per
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manufacturer’s instructions using the Muse Ki67 Proliferation
Assay (Millipore, Billerica, MA, USA). Cells incubated with IgG1
control in parallel were used to set the gates. The percentage of
Ki67 positive cells was determined using the Muse Cell Analyzer.
Analyses were repeated at least three separate times for each cell
line.

Cell cycle analyses

Cells were treated with DMSO, 5 mM MRK003 and/or 10 mM CQ
for 72 h. Cells were then fixed with 70% ethanol for at least 3 h
and stained with Muse Cell Cycle Reagent. Cell cycle analyses
were performed using the Muse Cell Analyzer and percentages of
sub-G1, G0/G1, S and G2/M populations were determined using
FlowJo software. Analyses were repeated at least three separate
times for each cell line.

Apoptosis assay

Apoptosis was measured using the Muse Annexin V and Dead Cell
Assay per the manufacturer’s protocol. Neurospheres were treated
with DMSO, 5 mMMRK003 and/or 10 mM CQ for 72 h. Cells were
resuspended in DMEM/F12 without phenol red with 1% Bovine
Serum Albumin (BSA) before analysis. Percentage of apoptotic and
dead cells were analyzed using the Muse Cell Analyzer. Analyses
were repeated at least three separate times for each cell line.

Clonogenic assays

Neurosphere media was mixed 3:1 with 4% agarose (Invitrogen,
Carlsbad, CA, USA) to make the bottom layer, which was used to
coat each well of a six-well plate. Neurospheres treated with
DMSO, 2 mM MRK003 or a combination of 2 mM MRK003 and
10 mM CQ for 72 h were dissociated and added to 7:1 media and

Figure 1. MRK003 inhibits Notch pathway. A. Treatment with

MRK003 inhibited downstream Notch pathway transcription factors

HES1, HES5, HEY1 in JHH520 and HSR-GBM1 lines at the mRNA

level. A statistically significant up to 50% reduction of HES1 was

seen after treatment with 5 lM MRK003. Likewise, an approximately

75% decrease of HES5 and approximately 80% decrease of HEY1

compared to DMSO control was seen after 2 lM MRK003 treatment

in both lines. Stars denote P values vs. DMSO. B. Treatment with 0.5

lM MRK003 almost completely inhibited cleaved (active) Notch1

expression in JHH520 and HSR-GBM1 lines. Inhibition of HES1 was

observed after treatment with 5 lM MRK003 in both cell lines.
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suspensions using Accutase (Sigma Aldrich, St Louis, MO, USA),
counted, plated and allowed to grow overnight in Neural Stem Cell
medium supplemented with 20 ng/mL of human epidermal growth
factor and 10 ng/mL of human fibroblast growth factor (Peprotech,
Rocky Hill, NJ, USA). All cells were grown in a humidified atmos-
phere containing 5% CO2 at 378C. The next morning, GSI
MRK003, generously provided by Merck Research Laboratories
(Boston, MA, USA), dissolved in dimethyl sulfoxide (DMSO)
(Sigma Aldrich, St Louis, MO, USA) at final concentrations of 0.5
to 5 lM, chloroquine diphosphate (CQ) (Sigma Aldrich, St Louis,
MO, USA), dissolved in phosphate buffered saline (PBS) at a final
concentration of 10 lM, or DMSO (1:1000 dilution) was added to
the media. Bafilomycin A1 (BafA1) (Sigma-Aldrich, St Louis,
MO, USA) was dissolved in DMSO at final concentrations of 0.5–
5 nM. 3-methyladenine (3-MA) (Selleckchem, Houston, TX, USA)
was diluted in DMEM at a final concentration of 10 mM.

Quantitative real-time PCR analyses

Cells were collected after treatment with 0–5 mL of MRK003 for
48 h. RNA extracted was performed using the RNeasy Mini Kit
(Quiagen) with on-column DNA digestion to prevent amplification
of genomic DNA. Reverse trancription into complementary DNA
(cDNA) was performed. cDNA levels were analyzed by quantita-
tive real-time PCR analysis with SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) on an iQ5 Multi-
color real-time PCR detection system. Standard curves were used
to determine expression levels and all values were normalized to
b-actin. Statistical comparisons were between at least three biologi-
cal replicates, each with triplicate technical replicates. Primer
sequences were as follows: HES1 forward F: 50-GTG-AAG-CAC-
CTC-CGG-AAC-30, reverse R: 50-CGT-TCA-TGC-ACT-CGC-
TGA-30; HES5 forward F: 50-GTG-CCT-CCA-CTA-TGA-TCC-
TTA-AA-30, reverse R: 50-AGT-ACA-AAG-TCG-TGC-CCA-CA-
30; HEY1 forward F: 50-TCT-GAG-CTG-AGA-AGG-CTG-GT-30,
reverse R: 50-CGA-AAT-CCC-AAA-CTC-CGA-TA-30; b-actin
forward F: 50-CCC-AGC-ACA-ATG-AAG-ATC-AA-30, reverse
R: 50-CGA-TCC-ACA-CGG-AGT-ACT-TG- 30.

Western blot analysis

Proteins were extracted from HSR-GBM1 and JHH520 after treat-
ment with MRK003 and/or CQ for 48–72 h, unless otherwise indi-
cated. The cells were lysed in RIPA buffer containing protease
inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA) and phos-
phatase inhibitors on ice for 10 minutes then centrifuged at 48C and
14,000 rpm for 5 minutes to remove cellular debris. Protein quanti-
fication was done using the Bio-Rad protein assay (Bio-Rad, Her-
cules, CA, USA). Subsequently, protein separation was performed
on 12% (for LC3B protein analysis) or 4%–12% (for analysis of
other proteins) SDS-polyacrylamide gel, and transferred onto nitro-
cellulose membranes (Invitrogen, Carlsbad, CA, USA). Membranes
were then probed with primary antibodies at 48C overnight. The
following primary antibodies were used: LC3B, P62/SQSTM1,
phospho-AKT (Ser 473), AKT (C6E7), cleaved PARP, cleaved
NOTCH1 (Val1744)(D3B8) (1:1000 dilution, Cell Signaling, Dan-
vers, MA, USA), HES1 (1:800 dilution, Aviva Systems Biology,
San Diego, CA, USA), b-actin (1:5000 dilution, Sigma-Aldrich, St
Louis, MO, USA). Secondary antibodies conjugated to horseradish

peroxidase (KPL, Gaitersberg, MD, USA) were incubated for 1 h
at room temperature and detected with a Western Lightning Plus
ECL chemiluminescent kit (PerkinElmer, Waltham, MA). All blots
were repeated at least three times and representative blots are
shown. Densitometry was performed using Image J Ver. 1.440 soft-
ware (http://rsb.info.nih.gov/ij/) (31).

Immunofluorescence and immunohistochemical
analyses

HSR-GBM1 cells were treated with DMSO or 5 mM MRK003 for
48 h, or starved for 4 h in Earle’s Basic Salt Solution (EBSS). The
cells were subsequently pelleted, fixed in 10% formalin and embed-
ded in paraffin. Antigen retrieval was performed by heating in a
pressure cooker for 30 minutes in Target Retrieval Solution (Dako,
Glostrup, Denmark). Sections were stained using anti-LC3B rabbit
polyclonal antibodies (1:10,000 dilution, ab51520, Abcam, Cam-
bridge, UK and 1:500 dilution, Cell Signaling, Danvers, MA,
USA) at 48C overnight. The sections were stained by avidin-biotin-
peroxidase complex method (Vector, Burlingame, CA, USA) with
secondary antibody incubation for 30 minutes at a dilution of
1:5000, diaminobenzidine as the chromogen and counterstained
with hematoxylin.

For immunofluorescence staining, HSR-GBM1 and JHH520
cells were grown in 10% FBS DMEM in 12 well plates on cover-
slips. From the next day, the cells were treated with DMSO or
5 mM MRK003 for 48 h. The cells were subsequently fixed in 4%
paraformaldehyde, permeabilized in ice cold (2208C) methanol for
15 minutes, blocked for 30 minutes with 5% normal goat serum
(NGS) with 0.3% Triton X solution. Sections were stained using
anti-LC3B rabbit monoclonal antibody (1:2000 dilution, ab51520,
Abcam, Cambridge, UK), which was added in 5% NGS with 0.3%
Triton X solution at 48C overnight. After washing with PBS, cells
were incubated for 90 minutes at a dilution of 1:400 in Cy-3 (Jack-
son Immunoresearch Laboratories Inc., West Grove, PA, USA)
conjugated secondary antibody. After washing with PBS, nuclei
were counterstained with DAPI 40, 6-diamindino-2-phenylindole
and coverslips were mounted on slides with antifade (Vectastain
Elite, Vector Laboratories, Burlingame, CA, USA). Confocal imag-
ing was done using the Fluoview 1000 (Olympus America, Mel-
ville, NY, USA).

Determination of cell growth

3-(4,5-dimethylthiazol-2-yl)25-(3-carboxymethoxyphenyl)22-(4-
sulfophenyl)-2H-tetrazolium (MTS) assays were performed to
determine growth in viable cell mass. Cells were dissociated
and seeded into 96-well plates at a density of 5000 per well in
200 mL of medium and treated with DMSO, 5 mM MRK003
and/or 10 mM CQ and incubated in 5% CO2 at 378C. For the
plate readings, 20 mL of MTS solution was added to each well
after 0–96 h postplating and incubated for 1 h, protected from light.
The optical density at 490 nm was subsequently measured by spec-
trophotometer. The experiments were repeated at least three times
for each cell line.

Cell proliferation assay

Cells were treated with DMSO, 5 mM MRK003 and/or 10 mM CQ
for 72 h. Cells were subsequently fixed and stained for Ki67 per
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tetrazolium (NBT) in a tissue culture incubator overnight at 378C
after which they were imaged. Colonies greater than 50 mm in
diameter were scanned and counted using MCID Elite software
(Cambridge, England, UK). For each well, at least three images
were scanned and counted. Triplicates of each condition were
plated and the experiment was repeated three times.

Statistical analyses

Differences between three or more groups were assessed using one
way ANOVA test with post hoc Tukey’s multiple comparison test.
Error bars represent standard error of means. All statistical tests
were performed using the GraphPad Prism 6 software (GraphPad
Software, La Jolla, CA, USA). P values less than 0.05 were consid-
ered statistically significant.

RESULTS

MRK003 inhibits Notch pathway targets

Notch pathway activity was assessed using quantitative RT PCR to
measure levels of the canonical Notch pathway transcriptional targets
HES1, HES5 and HEY1 after 48-h treatment of glioblastoma neuro-
spheres with MRK003. A statistically significant, dose dependent,
up to 50% reduction of HES1 was seen after treatment with 5 mM
MRK003. Likewise, an approximately 75% decrease of HES5 and
approximately 80% decrease of HEY1 was seen after 2 mM
MRK003 treatment in both cell lines (Figure 1A). Interestingly, the
treatment with MRK003 at a high dose (5 mM) resulted in a parodox-
ical increase in the mRNA levels of HES5 and HEY1. We have pre-
viously observed this paradoxical increase when blocking Notch
activity in brain tumors with relatively high concentrations of GSI or
arsenic trioxide, and speculated a feedback or resistance mechanism
of cells surviving maximal therapy [(6) and unpublished data]. We
next assessed the effects of MRK003 on Notch pathway activity at
the protein level. Treatment with 0.5 mM MRK003 almost com-
pletely inhibited cleaved (active) Notch1 expression in JHH520 and
HSR-GBM1; inhibition of HES1 was also observed after treatment
with 5 mMMRK003 in both neurosphere lines (Figure 1B).

Notch inhibition induces autophagy in
glioblastoma

Induction of autophagy, evidenced by a dose-dependent increase in
LC3B-II/LC3B-I ratio, was seen after 48-h treatment with 0.5–5
mM of MRK003 in both glioblastoma neurosphere lines (Figure
2A,B). In mature autophagosomes, LC3B-I undergoes a post-
translational modification to LC3B-II increasing its hydrophobic

nature resulting in further migration on electrophoresis. A signifi-
cant (P< 0.05) increase in LC3B-II/LC3B-I ratio averaging over
threefold was seen after 5 mM treatment with MRK003 in JHH520;
likewise, over fourfold (P< 0.05) and sixfold (P5 0.0008)
increases were seen after 2 and 5 mM treatment in HSR-GBM1
(Figure 2B).

Having observed an induction of autophagy after treatment with
MRK003 by western blotting, we next sought to determine if
induction of autophagy could be confirmed by immunohistochemi-
cal analysis in HSR-GBM1 cells and by immunoflourescence anal-
ysis in both cell lines. Increased punctate staining of LC3B in the
cytoplasm of HSR-GBM1 cells, suggesting mature autophago-
somes, was observed after 48 h treatment with 5 mM MRK003 and
4 h starvation in EBSS media, but not in DMSO control (Figure
2C). Immunoflourescence analysis showed markedly increased
punctate staining for LC3B in the cytoplasm of tumor cells com-
pared to DMSO control in both cell lines (Figure 2D).

Given the induction of potentially protective autophagy after
treatment with MRK003, a combinatorial regimen using the late
stage autophagy inhibitor CQ in conjunction with MRK003 was
explored. CQ blocks LC3B clearance via lysosomal inhibition,
causing its accumulation in tumor cells (1). Consistent with this
mechanism, we saw a very strong induction of the LC3B-II band
after CQ treatment in both lines, indicating in this context a block-
age of late autophagy (Figure 2E). We chose a dosage of 5 mM
MRK003 for combination experiments, because maximal suppres-
sion of HES1 protein and induction of autophagy was seen at this
level. An increase in LC3B-II/LC3B-I ratio was also seen after
treatment with the two drugs in combination (Figure 2E). To help
determine if this reflected an ongoing increase in autophagy or a
late blockade of the process, we assessed expression of p62, which
recognizes autophagic cargo and mediates formation of selective
autophagy (27). p62 is known to be upregulated when autophagy is
inhibited, resulting in intracellular waste accumulation. A 40%
decrease in p62 was seen after induction of autophagy by MRK003
and was subsequently increased 2.4 fold after treatment with both 5
mM MRK003 and 10 mM CQ in HSR-GBM1, suggesting that the
dominant process when both agents are used is inhibition of
autophagy (Figure 2E). Interestingly, p62 was decreased by only
20% in JHH520 after treatment with 5 mM MRK003, and the
increase in p62 after combination MRK003 and CQ treatment was
a modest 1.8-fold compared to DMSO control (Figure 2E). Like-
wise, a similar lack of p62 decrease after MRK003 treatment and
only modest (1.6-fold compared to 3.9-fold for HSR-GBM1)
increase of p62 was seen after combination MRK003 and BafA1
treatment in JHH520 (Supporting Information Figure 1B), suggest-
ing a cell line dependent variability in effects.

Figure 2. Autophagy is induced after MRK003 treatment in vitro. A.

Western blot showed induction of autophagy as seen by the increase

of the LC3B-II band after GSI treatment in JHH520 and HSR-GBM1

lines in a dose-dependent manner. B. Quantification of LC3B-II/LC3B-I

from three separate blots. C. HSR-GBM1 cells were treated with

DMSO, 5 lM MRK003, or EBSS, then pelleted and stained for LC3B.

Note the punctate staining of the cytoplasm of glioma cells after treat-

ment with MRK003 and EBSS, but not DMSO (original magnification

all 3400). D. HSR-GBM1 and JHH520 cells were treated with DMSO

or 5 lM MRK003 and stained for LC3B. Note the markedly increased

punctate staining in the cytoplasm of glioma cells after treatment with

MRK003 compared to DMSO by immunofluorescence analysis of

LC3B (original magnification all 3640). E. Accumulation (loss of clear-

ance) of LC3B-II after treatment with chloroquine (CQ). A decrease in

p62 after MRK003 treatment alone and increase of p62 was observed

after combined treatment with MRK003 and CQ, suggesting inhibition

of autophagy by CQ.
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agarose mixture at a concentration of 5000 cells per 2 mL to make
the top layer. After the agarose gelled, 2 mL of fresh media and
DMSO or drug were added to the top of each well. Media and drug

were changed every 1–4 days during the growth phase of the clono-
genic assay. The cells were allowed to form colonies for 19–23
days. Colonies were visualized by staining with nitroblue
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tetrazolium (NBT) in a tissue culture incubator overnight at 378C
after which they were imaged. Colonies greater than 50 mm in
diameter were scanned and counted using MCID Elite software
(Cambridge, England, UK). For each well, at least three images
were scanned and counted. Triplicates of each condition were
plated and the experiment was repeated three times.

Statistical analyses

Differences between three or more groups were assessed using one
way ANOVA test with post hoc Tukey’s multiple comparison test.
Error bars represent standard error of means. All statistical tests
were performed using the GraphPad Prism 6 software (GraphPad
Software, La Jolla, CA, USA). P values less than 0.05 were consid-
ered statistically significant.

RESULTS

MRK003 inhibits Notch pathway targets

Notch pathway activity was assessed using quantitative RT PCR to
measure levels of the canonical Notch pathway transcriptional targets
HES1, HES5 and HEY1 after 48-h treatment of glioblastoma neuro-
spheres with MRK003. A statistically significant, dose dependent,
up to 50% reduction of HES1 was seen after treatment with 5 mM
MRK003. Likewise, an approximately 75% decrease of HES5 and
approximately 80% decrease of HEY1 was seen after 2 mM
MRK003 treatment in both cell lines (Figure 1A). Interestingly, the
treatment with MRK003 at a high dose (5 mM) resulted in a parodox-
ical increase in the mRNA levels of HES5 and HEY1. We have pre-
viously observed this paradoxical increase when blocking Notch
activity in brain tumors with relatively high concentrations of GSI or
arsenic trioxide, and speculated a feedback or resistance mechanism
of cells surviving maximal therapy [(6) and unpublished data]. We
next assessed the effects of MRK003 on Notch pathway activity at
the protein level. Treatment with 0.5 mM MRK003 almost com-
pletely inhibited cleaved (active) Notch1 expression in JHH520 and
HSR-GBM1; inhibition of HES1 was also observed after treatment
with 5 mMMRK003 in both neurosphere lines (Figure 1B).

Notch inhibition induces autophagy in
glioblastoma

Induction of autophagy, evidenced by a dose-dependent increase in
LC3B-II/LC3B-I ratio, was seen after 48-h treatment with 0.5–5
mM of MRK003 in both glioblastoma neurosphere lines (Figure
2A,B). In mature autophagosomes, LC3B-I undergoes a post-
translational modification to LC3B-II increasing its hydrophobic

nature resulting in further migration on electrophoresis. A signifi-
cant (P< 0.05) increase in LC3B-II/LC3B-I ratio averaging over
threefold was seen after 5 mM treatment with MRK003 in JHH520;
likewise, over fourfold (P< 0.05) and sixfold (P5 0.0008)
increases were seen after 2 and 5 mM treatment in HSR-GBM1
(Figure 2B).

Having observed an induction of autophagy after treatment with
MRK003 by western blotting, we next sought to determine if
induction of autophagy could be confirmed by immunohistochemi-
cal analysis in HSR-GBM1 cells and by immunoflourescence anal-
ysis in both cell lines. Increased punctate staining of LC3B in the
cytoplasm of HSR-GBM1 cells, suggesting mature autophago-
somes, was observed after 48 h treatment with 5 mM MRK003 and
4 h starvation in EBSS media, but not in DMSO control (Figure
2C). Immunoflourescence analysis showed markedly increased
punctate staining for LC3B in the cytoplasm of tumor cells com-
pared to DMSO control in both cell lines (Figure 2D).

Given the induction of potentially protective autophagy after
treatment with MRK003, a combinatorial regimen using the late
stage autophagy inhibitor CQ in conjunction with MRK003 was
explored. CQ blocks LC3B clearance via lysosomal inhibition,
causing its accumulation in tumor cells (1). Consistent with this
mechanism, we saw a very strong induction of the LC3B-II band
after CQ treatment in both lines, indicating in this context a block-
age of late autophagy (Figure 2E). We chose a dosage of 5 mM
MRK003 for combination experiments, because maximal suppres-
sion of HES1 protein and induction of autophagy was seen at this
level. An increase in LC3B-II/LC3B-I ratio was also seen after
treatment with the two drugs in combination (Figure 2E). To help
determine if this reflected an ongoing increase in autophagy or a
late blockade of the process, we assessed expression of p62, which
recognizes autophagic cargo and mediates formation of selective
autophagy (27). p62 is known to be upregulated when autophagy is
inhibited, resulting in intracellular waste accumulation. A 40%
decrease in p62 was seen after induction of autophagy by MRK003
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mM MRK003 and 10 mM CQ in HSR-GBM1, suggesting that the
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autophagy (Figure 2E). Interestingly, p62 was decreased by only
20% in JHH520 after treatment with 5 mM MRK003, and the
increase in p62 after combination MRK003 and CQ treatment was
a modest 1.8-fold compared to DMSO control (Figure 2E). Like-
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only modest (1.6-fold compared to 3.9-fold for HSR-GBM1)
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treatment in JHH520 (Supporting Information Figure 1B), suggest-
ing a cell line dependent variability in effects.

Figure 2. Autophagy is induced after MRK003 treatment in vitro. A.

Western blot showed induction of autophagy as seen by the increase

of the LC3B-II band after GSI treatment in JHH520 and HSR-GBM1

lines in a dose-dependent manner. B. Quantification of LC3B-II/LC3B-I

from three separate blots. C. HSR-GBM1 cells were treated with

DMSO, 5 lM MRK003, or EBSS, then pelleted and stained for LC3B.

Note the punctate staining of the cytoplasm of glioma cells after treat-

ment with MRK003 and EBSS, but not DMSO (original magnification

all 3400). D. HSR-GBM1 and JHH520 cells were treated with DMSO

or 5 lM MRK003 and stained for LC3B. Note the markedly increased

punctate staining in the cytoplasm of glioma cells after treatment with

MRK003 compared to DMSO by immunofluorescence analysis of

LC3B (original magnification all 3640). E. Accumulation (loss of clear-

ance) of LC3B-II after treatment with chloroquine (CQ). A decrease in

p62 after MRK003 treatment alone and increase of p62 was observed

after combined treatment with MRK003 and CQ, suggesting inhibition

of autophagy by CQ.
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agarose mixture at a concentration of 5000 cells per 2 mL to make
the top layer. After the agarose gelled, 2 mL of fresh media and
DMSO or drug were added to the top of each well. Media and drug

were changed every 1–4 days during the growth phase of the clono-
genic assay. The cells were allowed to form colonies for 19–23
days. Colonies were visualized by staining with nitroblue
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(Supporting Information Figure 2). A 40% reduction in LC3B-II/I
ratio was seen after 10 mM 3-MA treatment compared to DMSO
control and 30% decrease in LC3BII/I ratio was seen after combi-
nation MRK003 and 3-MA compared to MRK003 alone, suggest-
ing the inhibition of early stage autophagy.

To determine if combination treatment altered the proliferation
of glioblastoma neurospheres, the percentage of Ki67-positive cells
was assessed using the MUSE Ki67 assay. A modest but significant
reduction in the percentage of Ki67-positive cells was observed
after combination treatment with 5 mM MRK003 and 10 mM CQ

Figure 4. Induction of apoptosis is observed after combination

treatment with MRK003 and chloroquine. A. Western blot showed

approximately fourfold increase of cleaved PARP after 5 lM MRK003

treatment compared to DMSO control in both cell lines and 12.7-fold

to 21.1-fold increase after combination treatment compared to DMSO

control. B. Cell cycle analysis and C. Annexin V MUSE assays were

performed to assess effects on apoptosis. An approximately 10-fold

increase in percentage of sub-G1 population and modest but signifi-

cant increase in percentage of Annexin V-positive cells were seen

after combination treatment compared to DMSO control.
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Combination treatment with MRK003 and
chloroquine inhibits growth and proliferation

The effects of combination treatment with MRK003 and CQ on

growth of the two glioblastoma neurosphere lines were examined

using the MTS assay. In both lines, 10 mM CQ did not have a sig-

nificant effect on the viable cell mass, while Notch inhibition

caused a moderate slowing (P< 0.05) in the glioma growth (Figure

3A). In both cell lines, culture growth was significantly reduced

compared to DMSO controls (JHH520; P5 0.0004, HSR-GBM1;

P5 0.0002) and MRK003 alone (JHH520; P< 0.01, HSR-GBM1;

P< 0.05) when MRK003 treatment was paired with inhibition of

autophagy (Figure 3A).
We sought to determine whether combination treatment of

MRK003 with another late stage autophagy inhibitor, BafA1,

would exhibit increased cytotoxicity. Combination treatment with

2 mM of MRK003 and 0.5 mM of BafA1 showed a drastic reduc-

tion of cell growth compared to DMSO (JHH520; P< 0.0001,

HSR-GBM1; P< 0.001) (Supporting Information Figure 1A) after

5 days of treatment. However, while the addition of BafA1 to 2
mM MRK003 resulted in fewer viable cells, this increase over the
GSI alone was not statistically significant, perhaps because the anti-
growth effects of MRK003 were particularly prominent in these
studies. Similar effects were seen with combination of 2 mM
MRK003 and 5 mm of BafA1 (data not shown). However, no
reduction in p62 was noted in JHH520 cells after MRK003 treat-
ment. Increases in LC3B-II/LCB-I ratio and p62 were seen after
combination treatment with MRK003 and BafA1, suggesting inhib-
itory effects of BafA1 at the late stage of autophagy similar to CQ
(Supporting Information Figure 1B).

A combination of 2 mM MRK003 and 10 mM of the early stage
autophagy inhibitor, 3-MA, showed significant reduction of cell
growth compared to DMSO control (JHH520; P5 0.002, HSR-
GBM1; P5 0.002) and MRK003 alone (JHH520; P5 0.03, HSR-
GBM1; P5 0.0009) after 5 days of treatment (data not shown).
Western blots showed a 50% decrease in p62 expression compared
to DMSO after MRK003 treatment and a 3.2-fold increase in p62
after combination MRK003 and 3-MA treatment in HSR-GBM1

Figure 3. Combination treatment with MRK003 and chloroquine more

effectively inhibits glioma neurosphere growth and proliferation. A.

5,000 JHH520 and HSR-GBM1 cells per well were plated in a 96-well

plate and cell viability was assessed by MTS assay after treatment

with DMSO, 5 lM MRK003, 10 lM CQ, and a combination of 5 lM

MRK003 and 10 lM CQ at days 0–5 of treatment. Combination treat-

ment markedly reduced growth compared to DMSO (JHH520;

P5 0.0004, HSR-GBM1; P50.0002) and MRK003 alone (JHH520;

P< 0.01, HSR-GBM1; P< 0.05) in both neurosphere lines. Stars

denote P values vs. DMSO unless otherwise specified. B. Ki67

MUSE assays were performed to assess effects on proliferation. A

modest but significant decrease in the percentage of Ki67-positive

cells was observed after combination treatment compared to DMSO

control in the HSR-GBM1 line.
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(Supporting Information Figure 2). A 40% reduction in LC3B-II/I
ratio was seen after 10 mM 3-MA treatment compared to DMSO
control and 30% decrease in LC3BII/I ratio was seen after combi-
nation MRK003 and 3-MA compared to MRK003 alone, suggest-
ing the inhibition of early stage autophagy.

To determine if combination treatment altered the proliferation
of glioblastoma neurospheres, the percentage of Ki67-positive cells
was assessed using the MUSE Ki67 assay. A modest but significant
reduction in the percentage of Ki67-positive cells was observed
after combination treatment with 5 mM MRK003 and 10 mM CQ

Figure 4. Induction of apoptosis is observed after combination

treatment with MRK003 and chloroquine. A. Western blot showed

approximately fourfold increase of cleaved PARP after 5 lM MRK003

treatment compared to DMSO control in both cell lines and 12.7-fold

to 21.1-fold increase after combination treatment compared to DMSO

control. B. Cell cycle analysis and C. Annexin V MUSE assays were

performed to assess effects on apoptosis. An approximately 10-fold

increase in percentage of sub-G1 population and modest but signifi-

cant increase in percentage of Annexin V-positive cells were seen

after combination treatment compared to DMSO control.
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5 days of treatment. However, while the addition of BafA1 to 2
mM MRK003 resulted in fewer viable cells, this increase over the
GSI alone was not statistically significant, perhaps because the anti-
growth effects of MRK003 were particularly prominent in these
studies. Similar effects were seen with combination of 2 mM
MRK003 and 5 mm of BafA1 (data not shown). However, no
reduction in p62 was noted in JHH520 cells after MRK003 treat-
ment. Increases in LC3B-II/LCB-I ratio and p62 were seen after
combination treatment with MRK003 and BafA1, suggesting inhib-
itory effects of BafA1 at the late stage of autophagy similar to CQ
(Supporting Information Figure 1B).

A combination of 2 mM MRK003 and 10 mM of the early stage
autophagy inhibitor, 3-MA, showed significant reduction of cell
growth compared to DMSO control (JHH520; P5 0.002, HSR-
GBM1; P5 0.002) and MRK003 alone (JHH520; P5 0.03, HSR-
GBM1; P5 0.0009) after 5 days of treatment (data not shown).
Western blots showed a 50% decrease in p62 expression compared
to DMSO after MRK003 treatment and a 3.2-fold increase in p62
after combination MRK003 and 3-MA treatment in HSR-GBM1

Figure 3. Combination treatment with MRK003 and chloroquine more

effectively inhibits glioma neurosphere growth and proliferation. A.

5,000 JHH520 and HSR-GBM1 cells per well were plated in a 96-well

plate and cell viability was assessed by MTS assay after treatment

with DMSO, 5 lM MRK003, 10 lM CQ, and a combination of 5 lM

MRK003 and 10 lM CQ at days 0–5 of treatment. Combination treat-

ment markedly reduced growth compared to DMSO (JHH520;

P5 0.0004, HSR-GBM1; P50.0002) and MRK003 alone (JHH520;

P< 0.01, HSR-GBM1; P< 0.05) in both neurosphere lines. Stars

denote P values vs. DMSO unless otherwise specified. B. Ki67

MUSE assays were performed to assess effects on proliferation. A

modest but significant decrease in the percentage of Ki67-positive

cells was observed after combination treatment compared to DMSO

control in the HSR-GBM1 line.
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experiment shows an approximately 40%–50% decrease in the
number of colonies after treatment with 2 mMMRK003 alone com-
pared to DMSO in both cell lines (Figure 5A,B). However, with
combination therapy a 75%–85% reduction in clonogenicity was
observed, and this was significantly more pronounced than the
effect with 2 mM MRK003 alone (both P< 0.0001). The clono-
genic assays were repeated three times for each cell line, and all of
these experiments showed a significantly lower number of colonies
for combination treatment than the GSI alone.

Inhibition of AKT following Notch inhibition

AKT activity is known to suppress autophagy (39), and is also
modulated by Notch in cancers other than glioma (7, 24). We have
previously shown that GSIs other than MRK003 can inhibit phos-
phorylation and activation of AKT (9) in glioblastoma. Using

MRK003, we found that phospho-AKT levels decreased dramati-
cally 48 h after Notch inhibition at concentrations as low as 0.5 uM
in HSR-GBM1 neurospheres (Figure 6A,B). JHH520 cells showed
modest inhibition of AKT activity with greatest inhibition after
24 h treatment with 5 mM MRK003 (Figure 6C). However, further
investigation is needed to elucidate whether autophagy after
MRK003 treatment is mediated by mTORC2 inhibition.

DISCUSSION

Despite some recent advances in treatment, the prognosis for glio-
blastoma patients remains dismal. Induction of autophagy has been
implicated as a potential resistance mechanism to general treat-
ments in gliomas, and its manipulation has actively been investi-
gated as a therapeutic strategy (15). However, little is known about

Figure 6. Phospho-AKT is inhibited by MRK003 and MRK003 induces

autophagy in vivo. A, B. Phospho-AKT (Ser 473) was significantly

inhibited by MRK003 after treatment with 0.5–5 lM MRK003 in HSR-

GBM1 for 48 h (P� 0.0001). However, inhibition of phospho-AKT was

not seen in JHH520 after 5 lM MRK003 treatment for 48 h. C.

Phospho-AKT was most inhibited by 5 lM MRK003 treatment for

24 h, but subsequently upregulated after 48–72 h treatment in

JHH520 line.
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compared to DMSO control in the HSR-GBM1 line (P< 0.05)
(Figure 3B). However, this reduction in proliferation following
combination therapy was not significantly greater than noted after
Notch inhibition alone, suggesting that it was not the only mecha-
nism by which overall growth was affected.

Combination treatment with MRK003 and
chloroquine induces apoptosis

Given the limited effect of combination treatment on proliferation,
we examined changes in apoptosis. An approximately fourfold
induction in the apoptotic mediator cleaved PARP was noted after
5 mM MRK003 treatment in both lines, with a lesser increase seen
after phamacological inhibition of autophagy (Figure 4A). In con-
trast, a dramatic 12-fold to 21-fold induction was seen after combi-
nation treatment. Only a minor, nonsignificant increase was
observed in the percentage of sub-G1 population by cell cycle anal-
ysis after treatment with 5 mM of MRK003 compared to DMSO. In
contrast, an 8.9-fold to 10.6-fold increase in percentage of sub-G1
population was observed after combination treatment (Figure 4B,
Supporting Information Figure 2A,B).

With respect to other cell cycle alterations, no significant change
in percentage of G0/G1, S, or G2/M population was noted after 72-
h combination treatment of JHH520; a modest reduction of percent-

age of G0/G1 population was noted after 72-h combination treat-
ment of HSR-GBM1 (Supporting Information Figure 2C).
Although cell cycle arrest was not noted after 72-h combination
treatment, G2/M arrest was seen after 48-h combination treatment
in line (data not shown), suggesting that cells in G2/M arrest even-
tually undergo apoptosis. Finally, a significant but less pronounced
increase in the percentage of total apoptotic cells was observed after
combination treatment compared to DMSO control in both lines
using the Annexin V assay (JHH520; P< 0.05, HSR-GBM1;
P< 0.01) (Figure 4C). These data support the concept that induc-
tion of autophagy prevents apoptosis following Notch blockade in
glioma cells, and that CQ can suppress this and increase the cyto-
toxicity of GSI.

Clonogenic capacity is reduced after
combination treatment with MRK003
and chloroquine

Having confirmed the increase of apoptosis caused by inhibition of
autophagy by CQ, we next looked at clonogenic capacity after
monotherapy and combination treatment using the soft agar assay.
These were performed using 2 mM rather than 5 mM MRK003, as
the higher GSI dose resulted in too few colonies for an additive
effect of the autophagy inhibitor to be examined. A representative

Figure 5. Combination treatment with MRK003 and chloroquine

reduces clonogenicity in glioblastoma neurosphere lines. A.

Representative images of nitroblue tetrazolium-stained colonies

formed by JHH520 and HSR-GBM1 cells after treatment with DMSO,

2 lM MRK003, 10 lM CQ and combination MRK003 and CQ are

shown. B. Quantification of number of colonies depicted in A, show-

ing markedly reduced colony formation after combination therapy.
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in HSR-GBM1 neurospheres (Figure 6A,B). JHH520 cells showed
modest inhibition of AKT activity with greatest inhibition after
24 h treatment with 5 mM MRK003 (Figure 6C). However, further
investigation is needed to elucidate whether autophagy after
MRK003 treatment is mediated by mTORC2 inhibition.
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Despite some recent advances in treatment, the prognosis for glio-
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ments in gliomas, and its manipulation has actively been investi-
gated as a therapeutic strategy (15). However, little is known about
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compared to DMSO control in the HSR-GBM1 line (P< 0.05)
(Figure 3B). However, this reduction in proliferation following
combination therapy was not significantly greater than noted after
Notch inhibition alone, suggesting that it was not the only mecha-
nism by which overall growth was affected.

Combination treatment with MRK003 and
chloroquine induces apoptosis

Given the limited effect of combination treatment on proliferation,
we examined changes in apoptosis. An approximately fourfold
induction in the apoptotic mediator cleaved PARP was noted after
5 mM MRK003 treatment in both lines, with a lesser increase seen
after phamacological inhibition of autophagy (Figure 4A). In con-
trast, a dramatic 12-fold to 21-fold induction was seen after combi-
nation treatment. Only a minor, nonsignificant increase was
observed in the percentage of sub-G1 population by cell cycle anal-
ysis after treatment with 5 mM of MRK003 compared to DMSO. In
contrast, an 8.9-fold to 10.6-fold increase in percentage of sub-G1
population was observed after combination treatment (Figure 4B,
Supporting Information Figure 2A,B).

With respect to other cell cycle alterations, no significant change
in percentage of G0/G1, S, or G2/M population was noted after 72-
h combination treatment of JHH520; a modest reduction of percent-

age of G0/G1 population was noted after 72-h combination treat-
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Although cell cycle arrest was not noted after 72-h combination
treatment, G2/M arrest was seen after 48-h combination treatment
in line (data not shown), suggesting that cells in G2/M arrest even-
tually undergo apoptosis. Finally, a significant but less pronounced
increase in the percentage of total apoptotic cells was observed after
combination treatment compared to DMSO control in both lines
using the Annexin V assay (JHH520; P< 0.05, HSR-GBM1;
P< 0.01) (Figure 4C). These data support the concept that induc-
tion of autophagy prevents apoptosis following Notch blockade in
glioma cells, and that CQ can suppress this and increase the cyto-
toxicity of GSI.

Clonogenic capacity is reduced after
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Having confirmed the increase of apoptosis caused by inhibition of
autophagy by CQ, we next looked at clonogenic capacity after
monotherapy and combination treatment using the soft agar assay.
These were performed using 2 mM rather than 5 mM MRK003, as
the higher GSI dose resulted in too few colonies for an additive
effect of the autophagy inhibitor to be examined. A representative

Figure 5. Combination treatment with MRK003 and chloroquine

reduces clonogenicity in glioblastoma neurosphere lines. A.

Representative images of nitroblue tetrazolium-stained colonies

formed by JHH520 and HSR-GBM1 cells after treatment with DMSO,

2 lM MRK003, 10 lM CQ and combination MRK003 and CQ are

shown. B. Quantification of number of colonies depicted in A, show-

ing markedly reduced colony formation after combination therapy.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure 1. A Combination treatment with 2 mM MRK003 and
Bafilomycin A1 (BafA1) significantly decreased cell growth
compared to DMSO in both cell lines. B Increase in LC3B-II/
LC3B-I ratio expression and marked elevation of p62 is noted
after treatment with BafA1, suggesting late stage inhibition of
autophagy. Conversely, LC3B-II/LC3B-I ratio decreases and
p62 increases after treatment with 3-MA, suggesting early stage
autophagy inhibition.
Figure 2. A, B Representative cell cycle analysis data depicting
marked increases in percentages of sub-G1 population in
JHH520 (A) and HSR-GBM1 (B) lines after combination treat-
ment with MRK003 and CQ. C Cell cycle arrest was not
observed after 72-hour treatment with MRK003 and CQ.
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the role of Notch in regulating autophagy in gliomas, or the poten-
tial for autophagy to mediate resistance to pathway inhibitors such
as GSIs. Increasing evidence suggests that the Notch pathway
affects autophagosomal trafficking (2), and that inhibition of the
Notch pathway induces autophagy in some types of cancer (12)
and during differentiation of stem cells (32).

Our data provide initial evidence that pharmacological Notch
pathway blockade can induce autophagy in gliomas. When neuro-
sphere lines were treated with GSI, a dramatic several fold induc-
tion of the LC3B-II protein compared to LC3B-I was noted, as well
as the emergence of punctate immunohistochemical LC3B staining
in fixed cells, consistent with an increase in autophagic flux. How-
ever, a robust decrease in p62 following Notch blockade was only
seen in one line, thus, clear induction of autophagy may be
restricted to a subset of cases. Autophagy may also be present in a
more complex in vivo treatment milieu, as analysis of orthotopic
glioblastoma xenografts treated with the GSI from a prior study (3)
has revealed focal punctate LC3B staining, but too little material
was present for definitive conclusions to be drawn. Our findings
are consistent with a very recent report demonstrating induction of
autophagy after NOTCH1 knockdown by shRNA in a single gli-
oma cell line (40).

The induction of autophagy is of potential clinical relevance,
as combining the late stage autophagy inhibitor CQ with
MRK003 resulted in a significant induction in apoptosis and
reduction in growth and clonogenicity as compared to Notch
inhibition alone. Similar growth changes were noted when com-
bining Notch inhibition with the early stage autophagy inhibitor
3-MA. A few autophagy inhibitors have been clinically tested
in gliomas. CQ is an antimalarial drug with lysosomotropic
properties that inhibit lysosomal function. It is known to have
central nervous system penetration and has been shown to effec-
tively inhibit autophagy in vitro (28). A previous trial using
radiation and carmustine with or without CQ in glioblastoma
patients showed a trend toward increased median overall sur-
vival that was not significant (18). Hydroxychloroquine (HCQ),
a derivative of CQ, shows equal potency to inhibit autophagy
in vitro and has demonstrated less retinal toxicity. A trial of
HCQ in conjunction with radiation therapy and temozolomide
showed biological response caused by HCQ, but failed to
improve overall survival in glioblastoma (28). New and more
potent inhibitors of autophagy such as Lys05 (20) and VATG-
027 (11) have been tested preclinically and await clinical
validation.

We have demonstrated that pharmacological Notch blockade
can induce protective autophagy in glioma neurospheres, which
can be abrogated by combination treatment with CQ. Together, the
two drugs efficiently induce apoptosis and decrease cell growth,
proliferation and clonogenicity. A range of options for pharmaco-
logical inhibition of both Notch and autophagy exist, and combina-
torial blockade of these two pathways represents a promising new
treatment strategy for glioblastoma.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure 1. A Combination treatment with 2 mM MRK003 and
Bafilomycin A1 (BafA1) significantly decreased cell growth
compared to DMSO in both cell lines. B Increase in LC3B-II/
LC3B-I ratio expression and marked elevation of p62 is noted
after treatment with BafA1, suggesting late stage inhibition of
autophagy. Conversely, LC3B-II/LC3B-I ratio decreases and
p62 increases after treatment with 3-MA, suggesting early stage
autophagy inhibition.
Figure 2. A, B Representative cell cycle analysis data depicting
marked increases in percentages of sub-G1 population in
JHH520 (A) and HSR-GBM1 (B) lines after combination treat-
ment with MRK003 and CQ. C Cell cycle arrest was not
observed after 72-hour treatment with MRK003 and CQ.
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the role of Notch in regulating autophagy in gliomas, or the poten-
tial for autophagy to mediate resistance to pathway inhibitors such
as GSIs. Increasing evidence suggests that the Notch pathway
affects autophagosomal trafficking (2), and that inhibition of the
Notch pathway induces autophagy in some types of cancer (12)
and during differentiation of stem cells (32).

Our data provide initial evidence that pharmacological Notch
pathway blockade can induce autophagy in gliomas. When neuro-
sphere lines were treated with GSI, a dramatic several fold induc-
tion of the LC3B-II protein compared to LC3B-I was noted, as well
as the emergence of punctate immunohistochemical LC3B staining
in fixed cells, consistent with an increase in autophagic flux. How-
ever, a robust decrease in p62 following Notch blockade was only
seen in one line, thus, clear induction of autophagy may be
restricted to a subset of cases. Autophagy may also be present in a
more complex in vivo treatment milieu, as analysis of orthotopic
glioblastoma xenografts treated with the GSI from a prior study (3)
has revealed focal punctate LC3B staining, but too little material
was present for definitive conclusions to be drawn. Our findings
are consistent with a very recent report demonstrating induction of
autophagy after NOTCH1 knockdown by shRNA in a single gli-
oma cell line (40).

The induction of autophagy is of potential clinical relevance,
as combining the late stage autophagy inhibitor CQ with
MRK003 resulted in a significant induction in apoptosis and
reduction in growth and clonogenicity as compared to Notch
inhibition alone. Similar growth changes were noted when com-
bining Notch inhibition with the early stage autophagy inhibitor
3-MA. A few autophagy inhibitors have been clinically tested
in gliomas. CQ is an antimalarial drug with lysosomotropic
properties that inhibit lysosomal function. It is known to have
central nervous system penetration and has been shown to effec-
tively inhibit autophagy in vitro (28). A previous trial using
radiation and carmustine with or without CQ in glioblastoma
patients showed a trend toward increased median overall sur-
vival that was not significant (18). Hydroxychloroquine (HCQ),
a derivative of CQ, shows equal potency to inhibit autophagy
in vitro and has demonstrated less retinal toxicity. A trial of
HCQ in conjunction with radiation therapy and temozolomide
showed biological response caused by HCQ, but failed to
improve overall survival in glioblastoma (28). New and more
potent inhibitors of autophagy such as Lys05 (20) and VATG-
027 (11) have been tested preclinically and await clinical
validation.

We have demonstrated that pharmacological Notch blockade
can induce protective autophagy in glioma neurospheres, which
can be abrogated by combination treatment with CQ. Together, the
two drugs efficiently induce apoptosis and decrease cell growth,
proliferation and clonogenicity. A range of options for pharmaco-
logical inhibition of both Notch and autophagy exist, and combina-
torial blockade of these two pathways represents a promising new
treatment strategy for glioblastoma.
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