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Inhibition of aquaporin-4 significantly increases regional
cerebral blood flow
Hironaka Igarashia, Mika Tsujitaa, Yuji Suzukia, Ingrid L. Kweeb

and Tsutomu Nakadaa,b

The effects of the aquaporin-4 (AQP-4) inhibitor TGN-020

on regional cerebral blood flow (rCBF) was examined

in wild-type (WT) and AQP-4 knockout (KO) mice in vivo.

Although baseline absolute rCBF of WT and KO mice

were equivalent (158.9±17.7 and 155.5±10.4ml/100g/min,

respectively), TGN-020 produced a significant increase

in rCBF compared with saline-treated WT mice (control),

reaching a plateau 20min after administration

(118.45±8.13%, P<0.01). TGN-020 showed no effect

on KO mice, supporting the concept that the observed

increase in rCBF in WT mice was AQP-4 dependent.

Administration of acetazolamide (positive control)

produced an even greater increase in rCBF in WT

compared with TGN-020 and a similar response in KO

mice as well, reaching a sustained plateau 5min after

administration (138.50±9.75 and 138.52±9.76%,

respectively, P<0.01 compared with baseline or

saline-treated control mice). The study demonstrated

that AQP-4 plays a role in regulation of rCBF. NeuroReport
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Introduction
The aquaporin (AQP) family is a large collection of integral
membrane proteins that enable the movement of water and
other small neutral solutes across biological membranes. So
far, seven AQP isoforms have been identified in the
mammalian central nervous system (CNS) by reverse
transcription PCR. However, only three isoforms, namely
AQP-1, AQP-4, and AQP-9, have been identified in vivo [1].
AQP-4 represents the most abundant isoform located in
astroglial cells lining the ependymal and pial surfaces [2].
AQP-1 is expressed in the choroid plexus epithelium [3].
In contrast to capillaries in the body, AQP-1 in CNS
capillaries have actively suppressed [4]. AQP-9 is a water,
glycerol, and lactate permeable isoform that is only scarcely
expressed in the CNS [1]. Although it is conceivable that
AQP-1 plays a role in production of cerebrospinal fluid and
that AQP-9 has only limited function in the CNS, the
physiological role of the most abundant isoform, AQP-4,
remains unclear despite evidence implicating AQP-4 in the
pathogenesis of various brain diseases, from autism to
multiple sclerosis and Alzheimer’s disease [5–8].

Using brain slice preparation, we have previously demon-
strated that neural activity induced morphological changes,
believed to reflect a reduction in extracellular space
secondary to astrocyte swelling, which are significantly
reduced in AQP-4 knockout (KO) mice [9]. As neural
activities-induced astrocyte swelling has consistently been
shown to coincide with in-vivo brain activation as detected
by functional MRI, this observation strongly suggests that

AQP-4 may play an important role in the genesis of the
physiological alteration associated with brain activation,
especially that of neural flow coupling [10]. Accordingly, we
examined the effects of the AQP-4 inhibitor TGN-020 on
cerebral blood flow (CBF) in vivo in AQP-4 KO and wild-
type (WT) mice.

Materials and methods
The study was carried out in accordance with the animal
research guidelines of the Internal Review Board of
University of Niigata. AQP-4 KO mice were produced by
homologous recombination using an embryonic stem cell
line from the C57BL/6 strain as described previously [9].

Measurement of baseline absolute regional cerebral
blood flow by magnetic resonance imaging

Baseline absolute regional cerebral blood flow (rCBF) of WT
and KO mice (male and female, 8–12 weeks old, n=5 for
each group) was measured using MRI with a 15 cm bore, 7T
horizontal magnet (Magnex Scientific, Abingdon, UK), using
a Varian Unity-INOVA-300 system (Varian Inc., Palo Alto,
California, USA) equipped with an actively shielded
gradient. A custom designed eight element, f40mm bird-
cage coil was used for radiofrequency transmission.

Spontaneously breathing mice were anesthetized using
urethane (1.2 g/kg, intraperitoneally). The following an-
esthesia protocol was used to avoid respiratory depression.
Urethane, 600mg/kg, was administered intraperitoneally at
t=0; two additional doses of urethane, 300mg/kg, were
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administered subsequently 10 and 20min after the first
dose. Mice were placed on their back in a custom designed
Plexiglas stereotactic holder, and the head was immobilized
using ear and tooth bars. The rectal temperature was
maintained at 37±0.51C using a temperature control
system. Oxygen saturation (SpO2) was monitored through-
out the study procedure using a pulse oximeter, Mouse Ox
(STARR Life Sciences Co., Oakmont, Pennsylvania, USA),
with probe placement on the left thigh.

The cerebral perfusion images were measured using
continuous arterial spin labeling [11] with centric ordered
snapshot-FLASH. The adiabatic inversion for inflowing
arterial protons was accomplished with an axial gradient of
428.5Hz/mm and continuous radiofrequency transmission
of B600Hz at a frequency offset of ±4285Hz alternat-
ingly from the imaging slab and mirror plane. This protocol
placed the inversion plane at ±10mm from the imaging
plane (Fig. 1a and c. After a 2-s inversion period, a 500ms
delay was set to eliminate the effect of regional transit time
delay [12]. Imaging parameters of the pulse sequence were
as follows: repetition time (TR)/echo time 4/2ms; TR 5 s;
field of view 20� 20mm; slice thickness 2mm; and matrix
size 128� 64. A total of 64 image pairs were summated to
improve the signal-to-noise ratio.

Magnetization transfer was measured with the identical
conditions as for the cerebral perfusion measurement but

without the axial gradient for adiabatic inversion. Measure-
ment of T1 was accomplished using a centric ordered
snapshot-FLASH with a hyperbolic secant inversion pulse,
64-point inversion delay (100–6400ms), and 10 s TR.

Quantitative rCBF maps (n=5 for each group) were
calculated from the cerebral perfusion images, T1 maps,
and magnetization transfer maps, according to the
method described by Ewing et al. [13]. The rCBF maps
were computed using an image preparing software (MR
Vision; MR Vision Co., Menlo Park, California, USA) on a
Linux Workstation (Dell, Round Rock, Texas, USA).
A region of interest (ROI) of B3� 4mm was set to the
cortical surface (Fig. 1b).

Measurement of relative regional cerebral blood flow
in study condition

The relative rCBF was determined using laser speckle
flowmetry (Omegazone, Laser Speckle Blood Flow Imager;
Omegawave, Tokyo, Japan), which obtains high-resolution
two-dimensional images every 0.3 s [14]. A 780nm laser
illuminated the area of interest, and scattered light was
scanned with a charge-coupled device camera. The
resulting imaging data was then transferred to a computer
for analysis. Five scans (1.5 s) were signal-averaged to give
91� 68pixel images, each having an imaging field of view
of 24� 18mm. These images were saved to the computer
for further analysis. For rCBFanalysis, a ROI ofB3� 4mm
was set on the left parietal and left frontal cortex,
positioning the center of ROI 3mm caudally and 2mm
laterally from the bregma and within an area delimited by
the superior sagittal sinus, superior anastomotic vein (vein
of Trolard), and main superior cerebral vein, just caudal to
the superior anastomotic vein. ROIs were manually
selected to avoid large surface arteries or veins (Fig. 2a).
rCBF was calculated by averaging 80 images (120 s) over
5min, and values were normalized to baseline rCBF.

WTand KO mice (male and female, 8–12 weeks old, n=18
each) were used for the studies. Animals were anesthetized
with an intraperitoneal administration of urethane (1.2 g/
kg). The scalp was removed to allow rCBF changes to be
visualized through the bone. The exposed skull was
covered with a mixture of petroleum jelly and glycerin
(1 : 1) to prevent the surface from drying out. For imaging
studies, the head was fixed in a stereotactic device. Head
and rectal temperatures were kept at 37.0±0.51C through-
out the experiment using a custom designed cooling
system and heating pad. SpO2 was monitored throughout
the study procedure, and data from the animals showing
SpO2 of less than 93% at any point during the experiment
were discarded (two KO and one WT), a criterion described
previously [15]. After a 30min stabilization period,
measurements of baseline rCBF were recorded for 5min.
Subsequently, mice received TGN-020 intraperitoneally
(200mg/kg, in 0.2ml isotonic saline, n=5 each for WTand
KO). The positive control mice (n=5 each for both WT
and KO) were administered acetazolamide (50mg/kg)

Fig. 1
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Baseline absolute rCBF in WT and KO mice. An anatomical (a) and
absolute rCBF MRI (b) of a WTmouse. The white line in the rCBF MRI
[lower image, (b)] depicts the region of interest for rCBF comparison
between WT and KO mice. Imaging slabs were set to 6mm caudally
from the top of the cerebrum, which is B3mm caudal from the bregma.
Adiabatic inversion pulses were irradiated onto the axial plane 10mm
caudally from the imaging slab and mirror plane alternatingly (c).
KO, knockout; rCBF, regional cerebral blood flow; WT, wild type.
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dissolved in 0.2ml isotonic saline intraperitoneally, and
negative control mice (n=5 each for both WT and KO)
were administered an identical volume of isotonic saline
intraperitoneally. The rCBF was then measured continu-
ously for 30min after administration.

To avoid CBF instability due to arterial blood gas (ABG)
sampling, assessment for changes in ABG values before
and after drug administration were studied separately in
another 20 mice (n=10 each for WT and KO mice: five
for TGN-020 administration and five for acetazolamide
administration) under experimental conditions identical
to those for the CBF response study. The ABGs were
sampled twice per animal, once before and once after
administration of TGN-020 or acetazolamide. The
sample volume was 0.15ml.

Statistical procedure

Numerical data were subjected to Student’s t-test for group
analysis of baseline CBF and analysis of variance with

Fisher’s post-hoc test to compare rCBF responses against
drug administration for the six groups (TGN-020, acet-
azolamide, and saline administration groups for both WT
and KO mice); a P value less than 0.05 was regarded as
statistically significant. All data are shown as mean±SD.

Results
Baseline absolute rCBF in the surface cerebral cortex was
similar for both WT and KO mice (158.9±17.7 and
155.5±10.4ml/100 g/min, respectively) (Fig. 1d).

In the rCBF response study animals, the ABGs remained
within physiological range, except after the administra-
tion of acetazolamide, which evoked acidosis due to CO2

retention (Table 1).

Administration of TGN-020 resulted in a significant
increase in rCBF, reaching a plateau 20min after
administration in WT mice, 118.45±8.13% (P<0.01),
as compared with saline-treated negative control mice

Fig. 2
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The rCBF response after drug administration. The center of the ROI was set at 3mm caudally and 2mm laterally from the bregma (marked by *)
(a). The time course of rCBF changes in WT mice (b) shows a significant increase in rCBF associated with TGN-020 administration, although less
than that observed after AZM administration (positive control). Note that for the KO mice, there is no TGN-020-associated rCBF increase, whereas
AZM (positive control) induced a significant increase (c). Average rCBF changes after reaching a plateau (15–30min after drug administration) (d).
The error bar indicates SD. AZM, acetazolamide; CBF, cerebral blood flow; KO, knockout; rCBF, regional cerebral blood flow; ROI, region of interest;
RT, right side of the brain; TGN, TGN-020; WT, wild type. *P<0.01 vs. saline, }P<0.01 vs. TGN-020 (Fisher’s PLSD test).
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(Fig. 2c and d, left). There was no significant increase in
rCBF after TGN-020 administration in KO mice (Fig. 2b
and d, right), confirming that the observed rCBF increase
in WT mice was AQP-4 dependent. Administration of
acetazolamide (positive control) resulted in an even
greater increase in rCBF in WT mice, and a similar
increase was observed in KO mice, reaching a plateau
5min after administration, which lasted 25min in both
WT and KO mice (138.50±9.75 and 138.52±9.76%,
respectively) (P<0.01) compared with saline-treated
negative control mice (Fig. 2b and d).

Discussion
TGN-020, 2-nicotinamido-1,3,4-thiadiazole, was identified
on the basis of conserved physicochemical features of
several known drugs found to inhibit AQP-4 water transport

in vitro. TGN-020 was found to inhibit water transport
through human AQP-4-M23 with an IC50 equal to 3mM
and 73% maximum inhibition [16,17]. Subsequently, using
11C-labeled TGN-020 and PET, we demonstrated that the
affinity of TGN-020 for AQP-4, in vivo, followed a specific
brain distribution pattern [18]. The effect of AQP-4
inhibition by TGN-020 in preventing brain edema was
demonstrated in a rodent model of cerebral ischemia
in vivo [15]. The present study demonstrated another in-
vivo effect of TGN-020 on AQP-4 inhibition, namely an
increase in rCBF and, thereby, demonstrating that AQP-4
plays a role in regulation of rCBF.

Increased rCBF associated with brain activation is a well-
recognized phenomenon. Nevertheless, to date, the
precise mechanism underlying the observed neural flow
coupling phenomenon has remained elusive. As an
increase in rCBF associated with neural activities is a
microenvironmental, not a macroenvironmental, event
occurring within an area limited to 250 mm around the site
of the neural activity [19], the regulatory mechanism is
likely within the capillaries, rather than within vessels
containing muscles, such as arterioles or arteries, the tone
of which can indeed be regulated effectively. Further-
more, in addition to an increase in rCBF, neural activity
induces astrocyte swelling. Such swellings are signifi-
cantly reduced in AQP-4 KO mice [9]. Altogether, the
experimental evidence argues that regulation of water
contents in the pericapillary extracellular space by
astrocyte AQP-4 may control rCBF associated with neural
activities (Fig. 3). In the brain, AQP-1 expression within

Table 1 Changes in arterial blood gases before and after drug
administration

TGN (n=5) AZM (n=5)

Pre 15min Pre 15min

pH
WT 7.41±0.024 7.40±0.020 7.41±0.021 7.27±0.058
KO 7.43±0.015 7.40±0.025 7.43±0.022 7.27±0.030

CO2 (mmHg)
WT 38.8±2.28 36.8±1.30 39.6±2.40 56.6±4.10
KO 41.6±1.52 38.2±3.42 40.8±2.72 57.4±4.67

O2 (mmHg)
WT 96.8±7.36 99.6±7.67 97.6±7.37 101±6.08
KO 92.4±2.70 98.8±6.76 94.8±5.22 104±9.82

AZM, acetazolamide; KO, knockout mice; TGN, TGN-020; WT, wild-type mice.

Fig. 3
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Schematic presentation of the hypothesis. Neural activity is known to produce two distinctive phenomena, namely astrocyte swelling and increased
rCBF. As an increase in rCBF associated with neural activities occurs within an area limited to 250 mm around the site of the neural activity, it is very
likely to be a phenomenon associated with capillaries. The present study clearly demonstrates that inhibition of AQP-4 effectively increased rCBF.
The hypothesis is schematically presented here: inhibition of AQP-4 results in blockage of water flow from the astrocyte into the pericapillary space
(pericap space). This in turn results in astrocyte swelling and capillary expansion due to reduction of the pericapillary space. The process associated
with brain activation can be explained in the same manner. AQP-4, aquaporin-4; rCBF, regional cerebral blood flow.
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capillaries is naturally, actively suppressed, a condition
that also supports the concept that a regulatory control
mechanism of water contents within the pericapillary
space by astrocytes may be an important factor for
maintaining neural function, if not for the proper
maintenance of the blood–brain barrier.

Acetazolamide has consistently been found to increase
rCBF in the normal brain, the underlying mechanism of
which is so far unknown. Along with the fact that carbonic
anhydrase (CA) is the enzyme that deals not only with
CO2, HCO3

– , and H+ but also with H2O, the current
study suggests that a new concept on the effect of
acetazolamide with respect to water homeostasis is also
called for. The isoforms of CA present in the brain are
cytosolic CA II and membrane-bound CA IV. CA II is
localized to the choroid plexus and oligodendroglia, whereas
CA IV is found in the capillaries [20]. AQP-1 is also highly
expressed in the choroid plexus [3]. However, AQP-1,
which is usually significantly expressed in capillaries, is
naturally, actively suppressed in brain capillaries [4]. It
appears that these specific arrangements in the brain are
necessary to maintain proper functionality of the blood–
brain barrier, and at the same time, to ensure production of
cerebrospinal fluid in the choroid plexus.

CA IV is expressed on the luminal surface of brain
capillaries [20]. Similarly, CA IV is also expressed on the
luminal surface of pulmonary capillaries and of proximal
renal tubules [21], which are the two main sites of acid–
base balance control accomplished through the regulation
of total body contents of CO2 and/or HCO3

– . Although it
remains speculative, CA IV may be the form of CA
specialized for controlling CO2 and/or HCO3

– at the
specific site at which controlling water content is crucial.
Suppression of CA IV in the brain capillaries by acetazol-
amide may result in alteration of water contents within the
space, affecting rCBF similar to AQP-4 inhibition.

Conclusion
We have demonstrated that AQP-4, an isoform of the
water channel AQP family, abundantly expressed in the
brain and distributed specifically along the subpial and
pericapillary end-feet of astrocytes, plays a significant role
in controlling rCBF. The study demands a new direction-
ality in the investigation of neural activity-induced rCBF
changes, a response known as neural flow coupling.
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