KRR A

2HA

X

DFHREYESEFW)

Kato T, Abe Y, Hirokawa S, Iwakura Y, Mizuno M, Namba H, Nawa H. Neurobehavioral
Differences Between Mice Receiving Distinct Neuregulin Variants as Neonates; Impact
on Sensitivity to MK-801. Current Molecular Medicine 2015, 15, 222-236

DFHREYESFQ)

Sakai M, Watanabe Y, Someya T, Araki K, Shibuya M, Niizato K, Oshima K, Kunii Y,
Yabe H, Matsumoto J, Wada A, Hino M, Hashimoto T, Hishimoto A, Kitamura N, Iritani
S, Shirakawa O, Maeda K, Miyashita A, Niwa S, Takahashi H, Kakita A, Kuwano R ,
Nawa H. Assessment of copy number variations in the brain genome of schizophrenia
patients. Sakai et al. Molecular Cytogenetics (2015) 8:46 DOI 10.1186/s13039-015-
0144-5

AR A Y S F (1)

Watanabe-lida I, Konno K, Akashi K, Abe M, Natsume R, Watanabe M, Sakimura K.
Determination of kainate receptor subunit ratios in mouse brain using novel chimeric
protein standards. J Neurochem. 2015 Oct 8. doi: 10.1111/jnc.13384.

SR A Y 5 F(2)

Kakegawa W, Mitakidis N, Miura E, Abe M, Matsuda K, Takeo YH, Kohda K, Motohashi J,
Takahashi A, Nagao S, Muramatsu S, Watanabe M, Sakimura K, Aricescu AR, Yuzaki M.
Anterograde c1ql1 signaling is required in order to determine and maintain a single—
winner climbing fiber in the mouse cerebellum. Neuron. 2015 Jan 21;85(2):316-29. doi:
10.1016/j.neuron.2014.12.020.

MRS F R A Y 5 F(3)

Ageta—Ishihara N, Yamazaki M, Konno K, Nakayama H, Abe M, Hashimoto K, Nishioka T,
Kaibuchi K, Hattori S, Miyakawa T, Tanaka K, Huda F, Hirai H, Hashimoto K, Watanabe
M, Sakimura K, Kinoshita M. A CDC42EP4/septin—based perisynaptic glial scaffold
facilitates glutamate clearance. Nat Commun. 2015 Dec 10;6:10090. doi:
10.1038/ncomms10090.

s = we VAN :: x4

Watanabe T, Sasaki M, Komagata S, Tsukano H, Hishida R, Kohno T, Baba H, Shibuki K,
Spinal mechanisms underlying potentiation of hindpaw responses observed after
transient hindpaw ischemia in mice. Scientific Reports 5, 11191, 2015.

U RT LA R A B (0)

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.

S, 2= /B VAN 4

Meguro R, Hishida R, Tsukano H, Yoshitake K, Imamura R, Tohmi M, Kitsukawa T,
Hirabayashi T, Yagi T, Takebayashi H, Shibuki K, Impaired clustered protocadherin—a
(cPcdh-a) leads to aggregated retinogeniculate terminals and impaired visual acuity in
mice. J. Neurochem. 133, 66-72, 2015.

RPN E/ T ORI EESE/
MR BIEAE RN (1)

Nakashima M, Saitsu H, Tohyama J, Kato M, Shiina M, Takei N, Kitaura H, Shirozu H,
Masuda H, Watanabe K, Ohba C, Tsurusaki Y, Miyake N, Takebayashi H, Ogata K,
Kameyama S, Kakita A%, Matsumoto N* (*: co—last authors). Somatic mutations in the
MTOR gene cause focal cortical dysplasia type IIb. Annals of Neurology. 78(3): 375—
386, 2015

RPN/ T ORI EESE/
MR BIRE A SR AR AT 70 $7(2)

Ogura R, Tsukamoto Y, Natsumeda M, Isogawa M, Aoki H, Kobayashi T, Yoshida S,
Okamoto K, Takahashi H, Fujii Y, Kakita A. Immunohistochemical profiles of IDH1,
MGMT and P53: practical significance for prognostication of patients with diffuse
gliomas. Neuropathology. 35(4): 324-335, 2015

REZANE/ TORIIEFLE/
I‘&‘ N TR HIRHENTF 7 73

Kimura T, Kitaura H, Masuda H, Kameyama S, Saito Y, Sugai K, Otsuki T, Nakazawa A,
Morota N, Yamamoto T, lida K, Nakagawa M, Mizuno T, Takahashi H, Kakita A.
Characteristic expression of p57/Kip2 in balloon cells in focal cortical dysplasia.
Neuropathology. 35(5): 401-409, 2015

Tanji K, Odagiri S, Miki Y, Maruyama A, Nikaido Y, Mimura J, Mori F, Warabi E,
Yanagawa T, Ueno S, Itoh K, Wakabayashi K. p62 deficiency enhances & —synuclein
pathology in mice. Brain Pathol 25: 552-564, 2015

Nakamura K, Mori F, Kon T, Tanji K, Miki Y, Tomiyama M, Kurotaki H, Toyoshima Y,
Kakita A, Takahashi H, Yamada M, Wakabayashi K. Filamentous aggregations of
phosphorylated & —synuclein in Schwann cells (Schwann cell cytoplasmic inclusions) in
multiple system atrophy. Acta Neuropathol Comm 3: 29, 2015

Mori F, Miki Y, Tanji K, Kakita A, Takahashi H, Utsumi J, Sasaki H, Wakabayashi K.
Sortilin—related receptor CNS expressed 2 (SorCS2) localizes in Bunina bodies in
amyotrophic lateral sclerosis. Neurosci Lett 608: 6-11, 2015

XA THARTDEHBHFAIZER T TLET,



2HA

X

s iR 1 B2 5 F (1)

Fukuda M, Takao T, Hiraishi T, Aoki H, Ogura R, Sato Y, Fujii Y. Cortico—cortical
activity between the primary and supplementary motor cortex: An intraoperative near—
infrared spectroscopy study. Surg Neurol Int 6: 44, 2015. DOI: 10.4103/2152-
7806.153872.

fid 40 2 54 7 2 03 7(2)

Ogura R, Tsukamoto Y, Natsumeda M, Isogawa M, Aoki H, Kobayashi T, Yoshida S,
Okamoto K, Takahashi H, Fujii Y, Kakita A. Immunohistochemical profiles of IDHT,
MGMT and P53: practical significance for prognostication of patients with diffuse
gliomas. Neuropathology. 35(4): 324-335, 2015

s iE 1 B 2 5 F(3)

Nishiyama K, Yoshimura J, Fujii Y. Limitations of neuroendoscopic treatment for
pediatric hydrocephalus and considerations from future perspectives. Neurol Med Chir
2015 (doi: 10.2176/nmc.ra.2014-0433)

MEREFSEFA)

Kanazawa M, Kawamura K, Takahashi T, Miura M, Tanaka Y, Koyama M, Toriyabe M,
Igarashi H, Nakada T, Nishihara M, Nishizawa M, Shimohata T. Multiple therapeutic
effects of progranulin on experimental acute ischaemic stroke. Brain 2015;138:1932—
1948.

MIEREF Q)

Hokari M, Yokoseki A, Arakawa M, Saji E, Yanagawa K, Yanagimura F, Toyoshima Y,
Okamoto K, Ueki S, Hatase T, Ohashi R, Fukuchi T, Akazawa K, Yamada M, Kakita A,
Takahashi H, Nishizawa M, Kawachi 1. Clinicopathological features in anterior visual
pathway in neuromyelitis optica. Annals of Neurology 2016;79(4):605-624. doi:
10.1002/ana.24608. PMID: 26836302.

MR ZHEFQ)

Ikeda T, Takahashi T, Tsujita M, Kanazawa M, Toriyabe M, Koyama M, Itoh K, Nakada T,
Nishizawa M, Shimohata T. Effects of Alda—1, an Aldehyde Dehydrogenase—2 Agonist,
on Hypoglycemic Neuronal Death. PLOS ONE 2015;10:e0128844.

A EE R 2—1)

Suzuki Y, Nakamura Y, Yamada K, Igarashi H, Kasuga K, Yokoyama Y, lkeuchi T,
Nishizawa M, Kwee IL, Nakada T. Reduced CSF Water Influx in Alzheimer’s Disease
Supporting the 8 —Amyloid Clearance Hypothesis. PLoS One. 10(5):e0123708, 2015.

A EEE L 2—(2)

Nakada T. The Molecular Mechanisms of Neural Flow Coupling: A New Concept. J
Neuroimaging. 25(6):861-5, 2015.

A EE R 2—0)

Igarashi H, Suzuki Y, Huber VJ, Ida M, Nakada T. N—acetylaspartate Decrease in Acute
Stage of Ischemic Stroke:A Perspective from Experimental and Clinical Studies. Magn
Reson Med Sci. 14(1):13-24, 2014.

BinFHEBE R AT 50 B/
mlaE L= 51)

Sato Y, Bernier F, Yamanaka Y, Aoshima K, Oda Y, Ingelsson M, Lannfelt L, Miyashita
A, Kuwano R, Ikeuchi T. Reduced plasma desmosterol-to—cholesterol ratio and
longitudinal cognitive decline in Alzheimer’ s disease. Alzheimer’ s & Dementia:
Diagnosis, Assessment & Disease Monitoring 1:67-74, 2015

BiG T HERE R TS 0 B/
i E¥R T o7 £7(2

Kasuga K, Kikuchi M, Tokutake T, Nakaya A, Tezuka T, Tsukie T, Hara N, Miyashita A,
Kuwano R, lIkeuchi T. Systematic review and meta—analysis of Japanese familial
Alzheimer’ s disease and FTDP-17. Journal of Human Genetics 60:281-283, 2015

BinFHEBE R AT 50 B/
o g L= 57(3)

Yajima R, Tokutake T, Koyama A, Kasuga K, Tezuka T, Nishizawa M, lkeuchi T. ApoE-
isoform—dependent cellular uptake of amyloid—b is mediated by lipoprotein receptor
LR11/SorLA. Biochemical Biophysical Research Communications 456:482-488, 2015

B ERRREMESEF)

Chiken S, Sato A, Ohta C, Kurokawa M, Arai S, Maeshima J, Sunayama—Morita T,
Sasaoka T, Nambu A. Dopamine D1 receptor—mediated transmission maintains
information flow through the cortico—striato—entopeduncular direct pathway to release
movements. Cerebral Cortex 2015 Dec; Vol.25 No.12:4885-97. doi:

Y ERFEARNERSFQ)

Nakamura T, Sato A, Kitsukawa T, Sasaoka T, Yamamori T. Expression pattern of
immediate early genes in the cerebellum of D1R KO, D2R and wild type KO mice under
various conditions. Frontiers in Cell and Developmental Biology.Vol.3, Article 38, June
2015 doi: 10.3389/fcell.2015.00038

B E R R 5 Q)

Hayashiji N, Yuasa S, Miyagoe—Suzuki Y, Hara M, Ito N, Hashimoto H, Kusumoto D, Seki
T, Tohyama S, Kodaira M, Kunitomi A, Kashimura S, Takei M, Saito Y, Okata S, Egashira
T, Endo J, Sasaoka T, Takeda S and Fukuda K. G-CSF supports long—term muscle
regeneration in mouse models of muscular dystrophy. Nature Communications 2015

ZOV I O EAEF)

Natsumeda M, Maitani K, Liu Y, Miyahara H, Kaur H, Chu Q, Zhang H, Kahlert U,
Eberhart CG. Targeting Notch Signaling and Autophagy Increases Cytotoxicity in
Glioblastoma Neurospheres. Brain Pathol. 2015 Nov 27. p 1-p11

XA THARTDEHBHFAIZER T TLET,


https://www.ncbi.nlm.nih.gov/pubmed/?term=Multiple+therapeutic+effects+of+progranulin+on+experimental+acute+ischaemic+stroke.

2. R (k)

=1
o
=y

e

/

AU RO T ORI AT 2 52 Tk






Send Orders for Reprints to reprints@benthamscience.ae

222 Current Molecular Medicine 2015, 15, 222-236

Neurobehavioral Differences Between Mice Receiving Distinct
Neuregulin Variants as Neonates; Impact on Sensitivity to MK-801

T. Kato', Y. Abe’, S. Hirokawa?, Y. Iwakura', M. Mizuno', H. Namba' and H. Nawa ™"

1Depan‘ment of Molecular Neurobiology, Brain Research Institute, Niigata University, Niigata 951-8585,
Japan

2Department of Molecular Genetics, Niigata University Graduate School of Medical and Dental Sciences,
Niigata 951-8510, Japan

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 pg/g), a core epidermal growth factor-like (EGF) domain common for all splicing
NRGH1 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 NRGT 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

© 2015 Bentham Science Publishers
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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 x 17W x 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 1B1/heregulin 11 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 NRG1B1 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 pyg/g body weight (injection
volume 15 pl/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 upg/g; 10
pl/g) and methamphetamine (1.0 pg/g; 10 pl/g)
dissolved in saline were administered intraperitoneally
(i.p.) to adult mice (PND 56-70) [15,21].
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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-HCI 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 NazVO,, 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 yg of
anti-ErbB4 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) overnight and mixed with Protein G
Sepharose beads (20 pl; GE Healthcare Bio-Science
AB, Uppsala, Sweden) for 3 h. Sepharose beads were
washed with RIPA buffer, and denatured with 100 ul of
2 x SDS sample buffer (125 mM Tris-HCI 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-HCI pH 6.8, 2 % SDS, 0.5 % NP-
40, 5 mM EDTA) plus the protease inhibitor cocktail
(Roche). Protein samples (15-30 pg/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), GIuA2/3
(1:1000, Millipore), GluA4 (1:1000, Millipore), GIuN1
(1:1000, Millipore), GIuN2A (1:500, Millipore), GIuUN2B
(1: 500, Millipore), GIuN2C (1:500, Millipore), GIuN2D

(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 f-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 p (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 pg/g) and perfused
intracardiacally with PBS, followed by 4%
paraformaldehyde in 0.1 M phosphate-buffer (pH 7.2).
Coronal sections (40 um) 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
(PPIl) 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).
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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
PPl scores had showed biased distributions or
difference in deviations among groups, suggesting the
risk of type 1 errors in ANOVA (Supplemental Table
S$1). 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 NRGH1 receptors, we
subcutaneously administered eNRG1 (1.0 ug/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) = 114, 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 pg/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,
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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
pg/g) and intracardiacally perfused with PBS 3 h after eNRG1
injection. Brain lysates (200 pg/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 pg/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.
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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 pg/g and 1.0 pg/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 pg/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
x dose: F(3,32) = 1.23, p = 0.31 for horizontal
movements; gender x 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 ug/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 ug/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 x 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 x eNRG1; F(1,37) = 1.20, p =
0.28 for conditioning: gender x eNRG1; F(1,37) = 0.41,
p = 0.53 for context-dependent learning: gender x
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
u/g) to mouse pups (Supplemental Fig. S1). This dose
(0.3 w/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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Table 1. Summary of physical development.

Dose Vehicle eNRG1

Tooth Eruption (PND)

0.1 ug/g 11.6+0.2 10.4 £ 0.2***

0.3 ug/g 11.6+0.2 10.2 £ 0.2***

1.0 ug/g 10.9+0.2 9.4 +0.2%*

Eyelid Opening (PND)

0.1 ug/g 13.9+0.1 11.5+0.2%*

0.3 ug/g 13.7+0.2 10.8 £ 0.1***

1.0 ug/g 13.1+0.2 10.5 + 0.2***

Body Growth; P11

0.1 ug/g 5.72+0.13 5.52 £ 0.07

0.3 ug/g 6.18 £ 0.20 5.62 £ 0.14*

1.0 ug/g 6.05+0.17 5.08 £ 0.22**

Body Growth; P56 Male Female Male Female

0.1 ug/g 242+0.6 20.2+0.3 23.8+0.2 19.3+0.3

0.3 ug/g 242+0.6 20.3+04 214 £0.3** 18.4 £+ 0.5*

1.0 ug/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.

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 pg/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 ug/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 x 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
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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
ug/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 x 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 x drug F(1,12) = 0.6, p = 0.45] (Fig. 4l). As
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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. 41).

Table 2. Summary of behavioral traits.

Vehicle eNRG1
Prepulse inhibition (% inhibition)
73dB 20.5+3.2 -2.5 £ 3.9%**
76dB 38.5+35 4.7 £ 4.8
79dB 472+3.3 3.7 £ 53"
82dB 57.6£3.2 8.7 £ 4.9%*
Learning (% freezing)
Shock sensitivity 61.3+34 60.0 £ 4.7
Context-dependent 66.5+1.5 65.7+2.1
Tone-dependent 66.0+ 1.3 415+ 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 pg/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 pg/g eNRG1)-treated mice to MK-801. Using
Western blot techniques, we estimated protein levels
for NMDA receptor subunits (GluN1, GIluN2A-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 GADG67-like
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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 pg/g)-treated and vehicle-treated control mice were monitored before and after
MK-801 (0.3 pg/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
eNRGH1, F(1,36) = 0.46, p = 0.503 for MK-801, F(1,36) = 1.46, p = 0.234 for eNRG1 x MK-801.

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 GIuN2C-like and GIuN2D-
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,
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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 um. (I) The number of c-Fos-positive cells in the microscopic field (725 x 965 um) 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.

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 ug/g body weight) and
eNRG1 (0.3 pg/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].
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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 pg/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, GIuN2A, GIuN2B, GIuN2C, GIuN2D), 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 (B-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%; GIuN1, GIuN2B, GluA1,
GluA4, and B-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 pg/g)-treated, T1-NRG1 (1.0 pg/g)-
treated and vehicle-treated mice (control) as neonates were
challenged with MK-801 (0.3 pg/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
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Fig. (7). Similar enhancement of eNRG1-treated and T1-
NRG1-treated mice in methamphetamine-driven locomotor
activity and stereotypic behaviors. eNRG1 (0.3 ug/g)-treated,
T1-NRG1 (1.0 pg/g)-treated and vehicle-treated mice
(control) as neonates were challenged with
methamphetamine (MAP; 1.0 ng/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 x 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) = 519, 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 pg/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 x pulse:
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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 x stimulus frequencies:
F(5,90) = 11.2, p < 0.001] (Fig. 8B). The mice treated
with the higher dose of eNRG1 (1.0 pg/g) similarly
exhibited the increases in startle responses and the
auditory stimulus thresholds [eNRG1 x pulse: F(6,114)
= 214, p < 0.001 for startle responses; eNRG1 x
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-naive 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 ug/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. (8). Auditory responses of eNRG1-treated mice as adults. (A) Relative amplitudes of startle responses of eNRG1 (left; 0.3
pg/g and right; 1.0 pg/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 pg/g and right; 1.0 pg/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.

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-NRGH1. 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
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eNRG1 and T1-NRGH1 (i.e. both ~3-fold increases three
hours after injection of their 1.0 ug/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
eNRGH1, 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. GIuN2C and GIuN2D) 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-GIuN2D antibody, but not that for
the anti-GIuN2C antibody, has been verified with the
use of knockout mice [39,40] Although the molecular
nature of the present GIuN2C-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,
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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 NRGT1 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.

ABBREVIATIONS
ABR = Auditory brain-stem evoked response
ANOVA = Analysis of variance

EGF = Epidermal growth factor

eNRG1 = An epidermal growth factor domain
peptide of neuregulin-1

mPFC = Medial prefrontal cortex

NAc = Nucleus accumbens

NRG1 = Neuregulin-1

PBS = Phosphate-buffered saline

PND = Postnatal day

PPI = Prepulse inhibition

SNP = Single nucleotide polymorphisms

T1-NRG1 = Type1 neuregulin-1
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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 13g21.1), 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
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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

© 2015 Sakai et al. 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,
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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 chosel381 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
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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 (qQPCR). 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), CC70L1] (1p36.21), Hs03318079 (Chrl8: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 C26:534 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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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 gPCR 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 < 001, **p < 0001

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
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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, SDKI1, 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
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Fig. 3 gPCR evaluations of candidate CNV loci from Selection 2. Gene dosages of the candidate loci 6p22.1, 7p21.3, 11p15.4, 13g21.1, and the
RNase P (internal control) were determined by gqPCR using all sample DNAs and TagMan 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

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 107'%, 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
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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
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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 TagMan 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; CC70L1]J (1p13.3),
Hs03385437 (1p36.21), Hs04794356 (4q24), Hs05080419
(99q22.2), 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 (11pl5.4),
and Hs03298358 (13q21.1). DNA sequences of TagMan
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 hgl9 (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
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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
Tagman PCR primers and probes used.
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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 GIuK5 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 GIluK3 were
the major KAR subunits, with additional expression of GIuK5 in
the hippocampus and cerebellum. In both regions, GluK4 was

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-GluKS5, 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 er al. 1990, 1992; Egebjerg et al. 1991),
while high-affinity subunits require any of GluK1-GluK3 to
form functional KAR channels (Herb er 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

very low and GluK1 was below the detection threshold. The
relative amount of low-affinity subunits (GluK2 plus GIuK3)
was several times higher than that of high-affinity subunits
(GluK4 plus GluKS5) 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, GIuK3, kainate receptor,
quantification, western blot.

J. Neurochem. (2016) 136, 295-305.

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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(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 um) 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), GIluK2 (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 GIluK3 (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 pg 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, 5'-TCGCTTGCCTAGGAGTCAGT-
3'; antisense, 5'-GGGTGAAAAACCACCATATTC-3'; glyceralde-
hyde-3-phosphate dehydrogenase, sense, 5'-AGGTCGGTGTGA
ACGGATTTG-3'; antisense, 5'-TGTAGACCATGTAGTTGAGGT
CA-3'. 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; GIluKS5, 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
HEK?293 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% CO,. 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-HCI, 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 GIluK5-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-HCI, 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-HCI, 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 pg/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 r-test. Statistical significance is
indicated as follows: ***p < 0.001.
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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 mRNA was
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 > CAl (Fig. 1g). In the cerebellum,
granule cells expressed GluK2 mRNA intensely (Fig. 11 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. le,j,0 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

(p)
(a)
Fig. 1 Expression of kainate-type
glutamate receptor (KAR) subunit mRNAs
(r) in mouse brain. In situ hybridization with

specific RNA probes for KAR subunits: (a)
GluK1 (b) GluK2 (c) GIuK3 (d) GluK4 (e)
GluK5, in C57BL/6N mouse whole brain.
High power images of hippocampal and

(s) cerebellar layer structures; (f, k, p) GluK1,
(g, I, q) GluK2, (h, m, r) GIuK3, (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, 200 um; k-o, 100 pum; p-t,
100 pm.

Fig. 2 Characterization of each anti-GluK
subunit antibody. (a) Hippocampal lysate
(30-40 pg) of wild type and GluK2, GIuK3,
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, GIuK3, GluK4,
and GluK5. (b) Characterization of guinea
pig anti-GluK1 C36 antibody with
recombinant GluK1-GIuK3 proteins and
brain P2 fractions prepared from
cerebellum (Cb.) and striatum (St),
indicating no cross-reactivity to GluK2 and
GIuKa3. (c) Whole brain lysates (50 pg) from
juvenile (P3) (WT pool 1, pool 2, pool 3) and
adult mice were loaded and detected with
our anti-GluK1 C36 antibody.

during the perinatal period (Bettler ef 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. 2¢). 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.

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



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

Fig. 3 Unique method of GluK subunits determination by western blot.
(a) Scheme of a chimeric protein of GluA2K2-GIuA2K5 used for
quantification analysis whose N-terminal GIuA2 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
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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
GluK?2-5 proteins in the P2 and PSD fractions prepared from
the hippocampus and cerebellum (Figs 4 and 5). The

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 (ug). Examples of standard curves of
GluA2K2-5 signal intensities detected by anti-GIuA2 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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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 GIuUA2K 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 < GIuA2K2-

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 GIuK2 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-GluKS5, 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 GIuA2 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

5 < GluK2-5. Arrow heads show correct bands of kainate-type gluta-
mate receptor (KAR) subunits. (b) The ratios of KAR GIuK2, GIuKS,
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), GIuK3 (gray), GluK4 (stripe), and GIuK5 (black)
are normalized by the amount of GIuA2 in each brain region and
fraction. Error bars represent SEM.

(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 GIuA2 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 GluK?2 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 > GluKS5 > 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
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Fig. 5 Determination of GIuK subunits in cerebellum. (a) Analytical
western blots of GIuK 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

(GluK4 plus GIuK5) 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,
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and PSD fractions are shown in the table and the bar graphs. The ratios
of GluK2 (white), GIuK3 (gray), GluK4 (stripe), and GIuK5 (black) are
normalized by the amount of GIuA2 in each brain region and fraction.
Error bars represent SEM.

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
GluKS 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
GluKS5 subunits associate with GluK1-3 subunits to form
heteromeric receptors with 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 GluKS
is co-immunoprecipitated with GluK2 in CA3 pyramidal cells
(Wenthold ef al. 1994). A single molecule imaging of
fluorescence-tagged GluK2 and GluKS5 subunits revealed that
they assemble with a2 : 2 stoichiometry (Reiner et al. 2012).
Crystal structure analysis has shown that the N-terminal
domains of GluK2 and GIuKS subunits preferentially co-
assemble as heterodimers rather than as homodimers (Kumar
et al. 2011). In the hippocampus of GluK4/GluK5-double
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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 GluK?2 subunit (GluK2a and GluK2b)

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 GIuK3 (gray), GluK4
(stripe), and GIuK5 (black) are normalized
by the amount of GIuK2 (white) in the brain
regions respectively. (b) Relative amounts
of KAR subunits normalized by the amount
of GIuK2 in hippocampus P2 fraction are
shown in the table and the bar graph. Low-
affinity GluK2 and GIuK3 are described in
the left side of position 0, and high affinity
GluK4 and GluK5 are described in the right
side.

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 GluKS) 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 GIuKS5 showed no detectable KAR-EPSCs in
hippocampus. In this study, it is reasonable to expect that
GluK?2 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.
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Table 1 Enrichment of GIuK 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.

In both species, GluKS 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 ef 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 GIuN2 subunits, GluN1 subunit is unable to
accumulate on the post-synaptic membrane and its turnover
rate is accelerated (Abe et al. 2004). Without GIuN1 subunit,
GIuN2 subunits are retained in the ER for degradation
(Mcllhinney ez al. 1996; Fukaya et al. 2003). In KAR,
GluKS 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 GluKS 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
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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 ez 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, GluAl and GIuA2 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 er al. 2009). In this clone, a DNA fragment of pgk
promoter-driven Neo-poly(A) flanked by two fit 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 5’
side and 3.79 kb Grik2 at the 3’ 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 Sacl sites of the middle entry
clone (pDME-1). In this clone, a DNA fragment of Neo cassette and
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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 5" entry
clone (pD3UE-2) and 3’ 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 5’ side and 3.13 kb Grik5 at the 3’ 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 GluA2K?2 and hippocampal PSD sample are
shown as a relative value. (b) Standard curves of GluA2K?2 (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. C1gl1-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.,
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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 Ca?* 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 through me-
tabotropic glutamate receptor 1 (mGIuR1), as well as inhibitory
inputs through y-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
etal., 2007). The group of proteins containing the gC1g domainis
referred to as the C1q family. Like adiponectin, which is released
from adipose tissues and regulates glucose and lipid metabolism
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, Cbin1, 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
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receptor (GluD2) (Matsuda et al., 2010). C1g-like family members
(C1ql1-C1ql4) are also expressed in the CNS (lijima 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 C1gl1 mRNA is selectively
and highly expressed in IO neurons (lijima 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 C1qgl1 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 C1qgl1-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 C1iql1
proteins in the wild-type (WT) mouse cerebellum. Immunohisto-
chemical (IHC) analysis revealed punctate C1gl1 immuno-
reactivity in the molecular layer of the cerebellum along the
proximal dendrites of Purkinje cells (Figure 1A). The C1qgl1-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 (vGIuT2).
Similarly, postembedding immunogold electron microscopy
(EM) analysis revealed high levels of C1gl1 immunoreactivity at
presynaptic sites and CF synaptic clefts (Figure 1B). These re-
sults suggest that, like CbIn1 at PF synapses, the C1ql1 protein
provided by CFs localizes at CF synapses.

To investigate the physiological functions of Ciqgl1, we
generated mice in which the C7q/7 gene was disrupted (Figures
S1A and S1B available online). IHC and immunogold EM
analyses revealed essentially no C1gl1 immunoreactivity (Fig-
ures 1A, 1B, and S1C) in C71g/71-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 C7q/7-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 C7q/7-null
cerebella (68% + 1%, n = 10 slices, p < 0.001; Figure 1E).
The reductions in CF terminal number and height were not
observed in C71q/7-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 (vGIuT1, a marker for PF terminals; Figure S1E)
or vesicular GABA transporter (vVGAT, a marker for inhibitory
fiber terminals; Figure S1F). These results indicate that CF
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refinement processes at stages later than P9 were specifically
impaired in C7q/71-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-EPSC was already dominant in both
WT (disparity index = SD/mean of CF-EPSC amplitudes; 0.67 +
0.05, n = 24) and Clg/7-null (0.65 + 0.05, n = 26) Purkinje cells
(p = 0.70). In contrast, although single CF-EPSCs were elicited
in 89% of WT Purkinje cells by P22-P28, only 57 % of the Purkinje
cells attained a one-to-one relationship with CFs in C7qg/7-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 C7q/7-null
mice (Figure 1H). Finally, voltage-dependent Ca®* 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 Clq/7-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 C1qgl1 expression
and determination of the winner CFs, we expressed C1iqgl1
together with enhanced GFP in WT 10 neurons at PO-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 by multiple CFs overexpressing C1qgl1, 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 C1qgl1 overexpression in CFs (Fig-
ure 2D). Thus, C1qgl1, 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 C1qgl1 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 Cigl1
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 C1qgl 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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Figure 1. C1ql1 Is Localized at CF Synapses during Their Formation and Maturation

(A) IHC images of endogenous C1ql1 in adult WT (left) and C1qg/7-null (right) mouse cerebella. Areas surrounded by white squares are magnified in the lower
panels. Scale bars in upper and lower panels, 20 um and 3 pm, respectively.

(B) Postembedding immunogold EM images of endogenous C1qgl1 in adult WT mouse cerebellum. C1ql1 and vGIuT2 (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 C1gl1 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 vGIuT2 in adult WT (left) and C7qg/7-null (right) mouse cerebella. Dotted lines and asterisks represent pial surface and Purkinje cell soma,
respectively. Scale bar, 20 pm.

(D) Developmental changes in the density of vGIuT2 puncta.

(E) Developmental changes in the localization of vGIuT2 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 C1q/7-
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 by Mann-Whitney U test
in (G). Data are represented as mean + SEM.

See also Figures S1 and S2.

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 C1qgl1 and Bai3
immunoreactivities were mostly colocalized, Bai3 was located
in more peripheral regions along vGIuT2 (Figure 3B). Similarly,

318 Neuron 85, 316-329, January 21, 2015 ©2015 Elsevier Inc.

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 CbIn1 at PF synapses, Bai3 may serve
as a postsynaptic receptor for C1gl1 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
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Figure 2. C1ql1 Promotes CF Synapse Refinement during Development
(A) Cartoon showing the lentivirus injection into I0s in WT mouse pup (P0-P1) for the expression of C1ql1.
(B) IHC images of vGIUT2 (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 pm.

(C) CF-EPSCs evoked by various stimulus intensities from P7 WT cerebellar slices, in which CFs expressed GFP only (CTL, top) or GFP plus C1qgl1 (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.

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 SSE
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 3l).
Together, these results indicate that PC-Bai3-null mice phe-
nocopied C1q/7-null mice.

To further examine whether the function of Bai3 was mediated
by C1ql1 binding, we next designed a Bai3 mutant that could not

Neuron 85, 316-329, January 21, 2015 ©2015 Elsevier Inc. 319
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bind C1gl1. Surface plasmon resonance (SPR) assays revealed
that the extracellular domain of Bai3 (eBai3"'") bound to C1ql1
with a dissociation constant (Kp) of 2 pM; this interaction was
significantly reduced by deleting the N-terminal CUB (comple-
ment C1r/C1s, Uegf, Bmp1) domain (eBai3*°“®; Ky > 100 uM;
Figures 3J, S4A, and S4B). Conversely, the short N-terminal
region of Bai3 containing the CUB domain (nBai3®V®) was suffi-
cient for C1gl1 binding (Kp = 0.3 uM; Figures 3J and S4C). Simi-
larly, C1gl1 proteins strongly bound to heterologous cells ex-
pressing full-length Bai3 (Bai3"'") but not to cells expressing
Bai1, Bai2, or Bai3 lacking the CUB domain (Bai3*°“®) (Figures
S4F and S4G). We introduced cDNAs encoding GFP only, GFP
plus Bai3"'", or GFP plus Bai3“““® 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 Bai3"" in PC-Bai3-null Purkinje
cells restored a one-to-one relationship with CFs, expression
of Bai3*C"B or GFP alone was insufficient (p < 0.05; Figures 3L
and 3M). Furthermore, the amplitudes of the strongest CF-
EPSCs were significantly increased in PC-Bai3-null Purkinje cells
expressing Bai3"'T compared to cells expressing Bai3*c“® 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 vGIluT2 immunoreac-
tivity (Figures S5C-S5E). Together, these results indicate that the
function of Bai3 at CF synapses is mediated by the CUB domain,
which C1qgl1 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-
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clear whether the molecules involved in developmental pruning
exert their functions in the adult brain. To address this question,
we next expressed C1ql1 (C1ql1™™) in adult C1g/7-null 10 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 C7q/7-null cerebellum, 84% of Purkinje cells attained
a one-to-one relationship with CFs by expressing C1gI1"/T (p <
0.05; Figures 4B and 4C). Furthermore, the amplitudes of the
strongest CF-EPSCs were significantly increased by C1ql1*W'
expression in adult C7g/7-null mice (p < 0.001; Figure 4D).
Although it is difficult to rule out the possibility that CFs in
C1ql71-null mice are in a state of permanent immaturity, these re-
sults indicate that C1gl1 can strengthen CF synapses and pro-
mote CF pruning to determine a single-winner CF, even at the
adult stage in C7g/7-null mice.

To test whether the function of C1qgl1 in adult synaptic pruning
was mediated 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 C1qgl1 (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
gC1gl1 domain (C1qI1€%; 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
C1qgI1®" did not retain any binding to Bai3 (Figures 4E and
S4E). Similarly, C1qI18" proteins did not bind to cells expressing
full-length Bai3 (Figures S4F and S4G). C1gI1"™ and C1ql1&V
were similarly expressed in vGluT2-positive CF terminals
(Figure SBA), indicating that binding of Bai3 was likely to be
nonessential for localizing C1gl1 at CF terminals. Whole-cell
patch-clamp recordings showed that, unlike C1qI1"/T, expres-
sion of C1gI1%" in CFs did not restore the normal process of
CF synapse elimination in C7q/7-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), C1qgl1 (red in B), and
vGIuT2 (green in A and blue in B) immunoreactivities in the molecular layer of adult WT and C7q/7-null cerebella. Purkinje cells were immunostained for calbindin
(blue in A). Scale bars, 20 um and 3 um 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 vGIuT2 (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 vGIuT2 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 pm.

(E and F) Quantification of the density (E) and the height (F) of vGIuT2 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 1) Histograms showing the percentage of the number of CFs innervating single Purkinje cells (H) and the strongest CF-EPSC amplitudes (l).

(J) Diagrams of a full-length Bai3 (Bai3"", top left) and a Bai3 lacking CUB domain (Bai3*CVB, top right) and the equilibrium SPR data (bottom) of the C1qI1 binding
to the extracellular region of Bai3"'T (eBai3"™), N-terminal region containing CUB domain (nBai®“B), and extracellular region of Bai3*CVE (eBai3“CVE). 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 Bai"'" (center), Bai3*CV® (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 by Mann-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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Figure 4. C1ql1-Bai3 Signaling Triggers Surplus CF Synapse Elimi-
nation in Adult Mutant Mice

(A) Cartoon showing the AAV injection into adult C7g/7-null mouse IO for the
expression of C1gl1. Experiments were performed at 14-21 days postinfection
(dpi).

(B) CF-EPSCs recorded from adult C7q/7-null Purkinje cells innervated by CFs
expressing WT C1gl1 (C1qgl1"", center), C1gi1®"W (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 C1g11™"T, C1q118%, and their globular domains (gC1qI1"V"
and gC1ql1®Y, respectively), and the equilibrium SPR data of each C1ig|1
binding to eBai3 (right). RU, resonance unit.

(F) Cartoon representation of the gC1g1"'" (top) and gC1qI1GW (bottom)
trimeric structures. Individual monomers are separately colored. Glycosylation
sites introduced by mutagenesis (original residues were Q211 and S244) are
indicated by spheres in C1gl1"VT. The gC1ql1&" trimeric structure is shown
with modeled Man9GIcNAc2 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 (Bai3"'", center), Bai3“°V® (right), and empty vector (CTL, left).

(I and J) Histograms showing the percentage of the number of CFs innervating
single Purkinje cells (l) 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.

Furthermore, the amplitudes of the strongest CF-EPSCs were
not increased by C1ql1%V expression in adult C7g/7-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 Bai3"/T or Bai3*“B in Purkinje
cells (Figure 4G). Bai3"" and Bai3*°VB were similarly expressed
in dendritic spines of Purkinje cells (Figure S6B), indicating that
binding of C1qgl1 was likely to be nonessential for localizing
Bai3 at postsynaptic sites. Whole-cell patch-clamp recordings
showed that Bai3"/", but not Bai3“““® or empty vector, restored
the normal process of CF synapse elimination in PC-Bai3-null
mice (p < 0.05; Figures 4H and 4l). Similarly, the amplitudes of
the strongest CF-EPSCs were increased by Bai3"" expression
but not Bai3*C“® or empty vector in adult PC-Bai3-null mice
(p < 0.001; Figures 4H and 4J). These results indicate that
C1gl1 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

C1qgl1 and Bai3 continue to be expressed in the adult brain (lijima
et al., 2010; Lanoue et al., 2013). To examine the functions of
C1qgl1-Bai3 signaling in adults, we knocked down C1gl1 in
the 10 neurons of adult WT mice by infecting them with an
AAV that contained an engineered microRNA targeting C1ql1
plus the GFP gene (miR-C1ql/7) (Figure 5A). Expression of miR-



Table 1. Crystallographic Data Collection and Structure

Refinement Statistics

Statistics gCigi
Data Collection
Space group H3

Cell dimensions: a, b, ¢ (A)

Cell angles: a, B, v (°)
Resolution (A)

Total reflections
Unique reflections
Completeness (%)
Rmerge

Ftpim

I/ol

Redundancy

Wilson B factor (A?)

68.08, 68.08, 65.91
90.00, 90.00, 120.00
43.94-1.44 (1.48-1.44)
155,787 (11,142)
20,630 (1,532)

100.0 (99.9)

0.067 (0.875)

0.028 (0.378)

16.9 (2.1)

7.6 (7.3)

11.55

Refinement Statistics

T

Resolution range (A)

Number of reflections

34.04-1.44 (1.51-1.44)
20,628 (2,956)

Rwork 0.140 (0.205)
Riree” 0.169 (0.255)
Number of atoms 1,121

Protein 1,029
Ligands (Cd, Ni, Mg, Cl) 72,2,1,2)
Water molecules 85

RMSD bonds (A) 0.006

RMSD angles (°) 1.096
Average B factors (A2)

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 and Molpro-
bity scores are included in the Supplemental Experimental Procedures.
RMSD, root-mean-square deviation.

®Riee Was calculated as per R0 for a 5% subset of reflections that was
not used in the crystallographic refinement.

C1ql1 significantly reduced C1ql1 immunoreactivities in GFP-
expressing 10 neurons (17% + 6% of 10 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-
C1qgl/1 (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-C17q/1 (80% + 1%, n = 10 slices; Figures
5C and 5E) compared to mice expressing miR-SCR (84% + 1%,
n=10slices, 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-C1ql/1 (83%; Figures 5F and 5G)
and miR-SCR (89%, p = 0.51; Figures 5F and 5G). Nevertheless,
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the amplitudes of the strongest CF-EPSCs were significantly
smaller in mice expressing miR-C7g/1 (p < 0.001 versus miR-
SCR; Figures 5F and 5H). The reduced amplitudes of CF-EPSCs
due to miR-C7ql1 expression were restored by coexpression of
the miR-C1g/1-resistant form of C1qlt"VT (rC1qI1"T; p < 0.001
versus miR-C7g/7) but not the resistant form of C1ql1&W
(rC1q11W; p = 0.64 versus miR-C1q/7; 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-C17q/1. 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 Bai3"/" but not Bai3*CVB (Figure S7). Together,
these results indicate that, even after a single final winner CF was
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 C7g/7-null and PC-Bai3-
null mice. Unexpectedly, these mice 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 C7q/7-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 C1gl1-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
in WT mice (Figures 6A and 6B). Although the hOKR was similarly
observed in all genotypes before the training (Figure 6B; Movie
S2), the gain did not increase in C1q/7-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 C1q/7-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 C7g/7-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 C71g/7-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
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Figure 5. C1ql1-Bai3 Interaction Is Essential
for the Maintenance of CF Synapse in Adults
(A) Cartoon showing the AAV injection into adult WT
mouse 10 for the introduction of miR-C7q/7 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-C1q/1
(right) but not miR-SCR (left) in GFP-expressing IO
neurons. Scale bar, 100 um.

(C) IHC images of vGIuT2 in adult WT mouse cere-
bella with CFs expressing GFP plus miR-SCR (left)
or miR-C1ql1 (right). vGIuT2 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 pm.
(D and E) Quantification of the density (D) and the
height (E) of vGIuT2 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-C1q/1, miR-C1ql1 plus a resistant
form of C1qi1 (rC1q/1"") or miR-C1q/T plus a
rC1ql18%.

(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 by Mann-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 C1qg/7-null (C)
mice and PC-Bai3-null versus its control littermate Bai3"* (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 30 min after (red) CJ-stim (F) and the data of LTD recordings in WT versus C1q/7-null mice (G) and PC-Bai3-null versus CTL
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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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 C7q/7-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 C1qgl1-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 adult C7q/7-null or PC-Bai3-null Purkinje cells determines the single-winner CF by promoting the maturation of the dominant CF

and eliminating less dominant CFs.

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 61 and 6J) and sup-
pression of the spontaneous spikes (Figures 6l and 6K) were
significantly reduced in Purkinje cells from C7q/7-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 C1qgl1 from CFs
plays crucial roles in determining a single-winner CF during
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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 C1gl1 and Bai3 in adult
C1ql/1-null and PC-Bai3-null mice, respectively (Figure 7H).
Conversely, maintenance of the winner CF requires C1ql1-Bai3
signaling throughout adulthood (Figure 7D). Furthermore,
C1qgl1 and Bai3 were essential for CFs to mediate cerebellar
synaptic plasticity necessary for motor learning. Therefore,



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 Ca?* channel is the major Ca?* channel in Purkinje
cells and reportedly regulates developmental CF pruning (Kano
and Hashimoto, 2009; Watanabe and Kano, 2011). Ca?* 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 SemaS3A signaling
in Purkinje cells (Uesaka et al., 2014). Ca®* 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 Ca®* channel activities in Purkinje cells (Nakayama et al.,
2012; Watanabe and Kano, 2011). Indeed, mice lacking func-
tional P/Q-type Ca®* 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 C7g/7-null mice by P7, which is consistent with
the normal Ca?* channel activities in these mice (Figure S2).
The CF-EPSC amplitudes in Purkinje cells lacking P/Q-type
Ca®* channels (Hashimoto et al., 2011) or GABAergic inputs
(Nakayama et al., 2012) increased at later developmental stages
to alevel similar to that in WT mice. By contrast, the amplitude of
the largest CF-EPSCs remained constant after P7-P9 in C1q/7-
null mice (Figure 1H). These findings indicate that C1gl1 does not
simply mediate signaling downstream of Ca®* 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 Cp4, protein kinase Cy (PKCy) (Kano and Hashimoto,
2009; Uesaka et al., 2014; Watanabe and Kano, 2011), and
Sema7A (Uesaka et al., 2014). In mice lacking one of these
mGIuR1 signaling pathway components, Purkinje cells remain
innervated by multiple CFs, even in adulthood. Because mGluR1
is activated mainly by PF inputs, innervation of Purkinje cells
by multiple CFs in GluD2-null or Cbin1-null mice is thought
to be caused by impaired PF synapse formation (Watanabe
and Kano, 2011). However, unlike in C7g/71-null or PC-Bai3-null
mice, the numbers and heights of the CF terminals are unaf-
fected in mGIuR1 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 mGIuR1 are distinct
from C1ql1-Bai3.

If this is the case, then what is the function of C1qgl1-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 PO-P1 (Figure 2D). In addition, when
C1qgl1 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 C7q/7-null and PC-Bai3-null cerebella (Figures 1
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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 C1qgl1-Bai3 signaling (Figures
1, 8, 5, and S7), CFs are likely more dependent on C1qgl1-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 C1qgl1 at PO-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 (Arac et al.,
2012). Alternatively, C1qgl1-Bai3 signaling may trigger a
pathway, which is independent of maturation of a winner CF,
to eliminate weak CF inputs. For example, Bail, a relative of
Bai3, reportedly interacts with EImo1/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 ElImo1
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 Cbin7-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 Ca®* 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 CbIn1 released from
PFs to bind to GluD2 (Matsuda et al., 2010). Because GluD2
clustering is destabilized by Ca®* channel activities (Hirai,
2001), reduction of Ca®* 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 mGIuR1, PKCy, 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 mGIuR1
is expressed in mGIuR1-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 Cbin1 restored
LTD and eyeblink conditioning in adult CbIn7-null mice without
significantly affecting the CF innervation pattern or LTP at
PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,
GIluD22C™ -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 C1gl1 (C1gl2-C1qgl4) are expressed in
various brain regions (lijima et al., 2010). Bai3 and its related
members Bail 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
C1gl1 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 C1qI3 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. C1qg/1-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 C7q/7-null mice and Bai2"*, and Bai3"** 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
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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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A CDC42EP4/septin-based perisynaptic glial
scaffold facilitates glutamate clearance
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The small GTPase-effector proteins CDC42EP1-5/BORG1-5 interact reciprocally with CDC42
or the septin cytoskeleton. Here we show that, in the cerebellum, CDC42EP4 is exclusively
expressed in Bergmann glia and localizes beneath specific membrane domains enwrapping
dendritic spines of Purkinje cells. CDC42EP4 forms complexes with septin hetero-oligomers,
which interact with a subset of glutamate transporter GLAST/EAAT1. In Cdc42ep4—/ ~ mice,
GLAST is dissociated from septins and is delocalized away from the parallel fibre-Purkinje cell
synapses. The excitatory postsynaptic current exhibits a protracted decay time constant,
reduced sensitivity to a competitive inhibitor of the AMPA-type glutamate receptors (yDGG)
and excessive baseline inward current in response to a subthreshold dose of a nonselective
inhibitor of the glutamate transporters/EAAT1-5 (DL-TBOA). Insufficient glutamate-buffer-
ing/clearance capacity in these mice manifests as motor coordination/learning defects,
which are aggravated with subthreshold DL-TBOA. We propose that the CDC42EP4/septin-
based glial scaffold facilitates perisynaptic localization of GLAST and optimizes the efficiency
of glutamate-buffering and clearance.
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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 Na*/H ™ into the glial
and neuronal cytoplasm!. The extracellular glutamate
concentration surges to 160-250uM near perisynaptic
domains of Bergmann glia in the cerebellum, which is
rapidly buffered and cleared by binding to and reuptake
through EAATs>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 membranes*
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 roles’.
Genetic loss of GLAST results in anomalous CF-PC
innervations and defective motor coordination/learning®,
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
schizophrenia’?, 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 glia!"'2,  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-CDC42 > septins > GDP-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.

G lutamate transporters (Excitatory Amino Acid Trans-

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. la). The major band of ~39
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/hCDCI10 (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
Cdc42ep4" (wild type; WT) male littermates generated from
Cdc42ep4 — (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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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 g total protein per lane) were immunoblotted for CDC42EP4 and were reprobed for B-actin as a loading control.
The major ~39-kDa band was most abundant in the cerebellum. (¢) 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 (n=115) Bergmann glial cells identified in a representative section. Scale bars, 1mm and 20 um. (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 um. (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, 5um. (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.

molecular layer (Fig. 3b), including the lengths of the post- the major neuronal and glial components, and synapse archi-
synaptic density (PSD) in PF-PC synapses (Fig. 3c). Four major  tecture in the cerebellar cortex.

proteins at glutamatergic synapses, GluAl, GluA2, GluA4 and

PSD-95, did not show quantitative differences by genotype Septin oligomers as the major binding partners of CDC42EP4.
(Fig. 3d and Supplementary Fig. 15). These data indicate that For unbiased identification of physiological binding partners of
CDC42EP4 is dispensable for the morphological development of CDC42EP4 in Bergmann glia, we conducted proteomic analysis
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Figure 2 | Generation of Cdc42ep4~/ ~ mice and morphology of the major neuronal components. (a) The KO strategy of the Cdc42ep4 gene. A
schematic diagram showing the wild-type (Cdc42ep4 ™), floxed (Cdc42ep4“) and null (Cdc42ep4~) alleles, and the targeting vector. Note that Cre-
mediated loxP recombination leaves no coding exon. The restriction sites for Sac | (S), EcoR V (E) and Hinc Il (H), three probes (grey bars) used for
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 (Cdc42ep4+/+;Cdc4Zep4ﬂ/+) 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. (¢) PCR genotyping. Two sets of primers discriminated genomic DNAs from Cdc42ep4 ™t/ +, Cdc42epa™® (WT), Cdc42epa™ — 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 WT and KO
mice. The molecular layer of the WT cerebellum (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, Tmm. UTR, untranslated repeat.

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 vitro'3) 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)!41®, and between SEPT2 and GLAST!.
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 (A50%) 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

4 NATURE COMMUNICATIONS | 6:10090 | DOI: 10.1038/ncomms10090 | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10090

ARTICLE

a Cdc42ep4™ (WT)
Car8
Car8
b Cdc42ep4i (WT)
PC PF
PC
PF

Cc

£ 100

g GluAT
£ &0

g_ 60 NS PSD-95
£ 2
g % A

5 20 KO 54y
E o °g

G "0 0.16 0.32 0.48 0.64 0.80 0

PSD length (um)

Cdc42ep4- (KO)

Cdc42ep4- (KO)

PC
PF
PF
PC
PF
PC
WT KO WT KO WT KO
kDa
GluA2 GluA4 100
PSD-95 PSD-95 100
2 2
NS [T} NS [Te) NS
g% 12,
=] =
op og
WT KO WT KO WT KO

Figure 3 | Morphological analysis of the neuronal and glial components in Cdc42ep4™/f and Cdc42ep4a —/ — cerebellar cortices. (a) Double-label IF of
WT and KO cerebellar cortices for a Purkinje cell marker Car8 (red) and a parallel fibre (that is, granule cell) marker VGIuT1 (top, green) or a climbing fibre
marker VGIuT2 (bottom, green). No obvious morphological anomaly, including aberrant CF-PC innervation, was found in the major neuronal components
of KO-derived samples. Scale bar, 20 um. (b) Transmission electron microscopy images of WT and KO molecular layers. No obvious ultrastructural
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, 200 nm. (¢) Cumulative histogram of PSD length of the PF-PC synapses, showing no significant difference between the genotypes (n=92
synapses from two littermates for each genotype, NS, P> 0.05 by Kolmogorov-Smirnov test). (d) Quantitative immunoblot of WT and KO cerebellar PSD
fractions for GluA1, GIuA2 and GluA4 (the major subunits of the AMPARs), each normalized with PSD-95. There was no significant quantitative difference

by genotype (n=3, NS, P>0.05 by t-test).

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 GLAST!2. 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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Table 1 | Proteomic analysis for the binding partners of CDC42