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Abstract

The bidirectional water channel aquaporin 4 (AQP4) is abundantly expressed in the neural tissue. The advantages and disadvantages of
AQP4 neural tissue deficiency under pathological conditions, such as inflammation, and relationship with neural diseases, such as
Alzheimer’s disease, have been previously reported. However, the physiological functions of AQP4 are not fully understood. Here, we
evaluated the role of AQP4 in the mouse retina using Agp4 knockout (KO) mice. Aqp4 was expressed in Miiller glial cells surrounding
the synaptic area between photoreceptors and bipolar cells. Both scotopic and photopic electroretinograms showed hyperactive visual
responses in KO mice, gradually progressing with age. Moreover, the amplitude reduction after frequent stimuli and synaptic fatigue
was more severe in KO mice. Glutamine synthetase, glutamate aspartate transporter, synaptophysin, and the inward potassium channel
Kir2.1, but not Kir4. 1, were downregulated in KO retinas. KIR2.1 colocalized with AQP4 in Miiller glial cells at the synaptic area, and
its expression was affected by Agp4 levels in primary Miiller glial cell cultures. Intraocular injection of potassium in wild-type mice led
to visual function hyperactivity, as observed in Agp4 KO mice. Mitochondria molecules, such as Pgcla and CoxIV, were downreg-
ulated, while apoptotic markers were upregulated in KO retinas. AQP4 may fine-tune synaptic activity, most likely by regulating
potassium metabolism, at least in part, via collaborating with KIR2.1, and possibly indirectly regulating glutamate kinetics, to inhibit
neural hyperactivity and synaptic fatigue which finally affect mitochondria and cause neurodegeneration.
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Introduction

The bidirectional water channel aquaporin 4 (AQP4) is widely
distributed in the plasma membrane and maintains the tissue
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microenvironment by supporting molecular transfer between
extracellular and intracellular spaces [1-3]. Although the vul-
nerability or advantages of its deficiency in neural tissue have
been reported under pathological conditions [4-8], its physi-
ological function is not fully understood [9].

The aquaporin family (AQP0-12) has been well investigated
in the kidney [1, 2, 10, 11], where water permeability is well
controlled in each part of the nephron; each AQP is localized
in a specific part of the nephron to regulate water kinetics.
Among AQPs, AQP4 is a polypeptide encoded by a brain-
derived cDNA and constitutes the predominant water channel
protein in neural tissue [10]. AQP4 regulates extracellular space
volume, waste clearance, and calcium ion signaling, as well as
potassium buffering [12]. Its expression is reportedly downregu-
lated in pathological lesions in neuromyelitis optica, an inflam-
matory and necrotizing neural disease clinically characterized by
selective involvement of the optic nerves and spinal cord [13].
Serum anti-AQP4 autoantibodies are frequently found in severe,
recurrent autoimmune optic neuritis, namely neuromyelitis
optica spectrum disorder [14], and may determine the disease
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severity [15]. AQP4 protein is increased in the intraocular fluid of
diabetic patients [16], and its relationship with diabetes is well
reported in mice [6, 7, 10, 17]. AQP4 is induced in the retina of
diabetic mice [18] and suppresses inflammation [17]. Another
report showed that, while AQP4 is increased in the retina of these
mice, the potassium channel subunit KIR4.1 is downregulated,
thus inducing disruption of the blood-retina barrier and resulting
in edema and inflammation [19]. Colocalization of AQP4 and
KIR4.1 in astrocyte end feet has been shown to regulate blood-
brain barrier function, and the relationship between AQP4 and
blood vessels is well accepted [20, 21].

In contrast, while AQP4 is expressed in neural tissue, its
impact on neural functions is still under debate. AQP4 may
mediate the clearance of amyloid beta peptides related to
Alzheimer’s disease [22] and regulate extracellular space vol-
ume during synaptic activity [23]. In the retina, AQP4 is
expressed in Miiller glial cells [24] which not only provide
structural support but also maintain homeostasis of the retinal
microenvironment and regulate neuronal activity [25]. A ret-
inal phenotype of Agp4 deficiency in mice was reported using
electroretinogram (ERG), which measures visual function; the
function was comparable between wild-type (WT) and knock-
out (KO) mice at early time point after birth, postnatal day 17
[8], but a clear impairment was observed in aged mice at
10 months [26]. However, the development of this neural
dysfunction and the underlying mechanisms remain obscure.

In the current study, we explored the impact of AQP4 in
keeping neuronal homeostasis and synaptic function in the
mouse retina. For this purpose, we assessed AQP4 expression
in the retina, performed ERG in relatively young adult Agp4
KO mice to evaluate visual function, and examined the ex-
pression of synaptic markers, mitochondria molecules, and
apoptotic markers.

Materials and Methods
Animals

Male Agp4 KO mice generated as described previously [5, 27]
(acc. no. CDB0758 K: http://www.cdb.riken.jp/arg/mutant%
20mice%?20list.html), and back crossed to C57B6J background,
were maintained in an air-conditioned room (22 °C) under a 12-h
light/dark cycle (lights on from 8 a.m. to 8 p.m.) with free access
to food and water, at the animal facility of Keio University
School of Medicine. All animal experiments were conducted in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and the guidelines of the
Animal Care Committee of Keio University. For each experi-
ment, KO and WT mice were serially numbered, and the exam-
iners were blind to genotype when recording the results at the
time of experiments. Overall, no clear differences in body weight
and size were observed in KO mice (data not shown).

Immunohistochemistry

Mouse eyes were enucleated and fixed in 4% paraformalde-
hyde overnight at 4 °C. After fixation, the eyes were embed-
ded in paraffin (Sakura Finetek Japan, Tokyo, Japan), and 6-
to 8-um-thick sections including the optic nerve head to the
most peripheral region of the retina were prepared and
deparaffinized. The sections were blocked with TNB blocking
buffer (0.1 M Tris-HCI [pH 7.5] and 0.15 M NaCl) for 30 min
at room temperature and then incubated overnight with anti-
bodies for AQP4 (Sigma-Aldrich, St. Louis, MO; or the one
generated by Ramadhanti et al.) [28], glutamine synthetase
(GS; Millipore, Burlington, MA), synaptophysin (DAKO,
Agilent Technologies, Santa Clara, CA), postsynaptic density
protein 95 (PSD95; Thermo Fisher Scientific, Waltham, MA),
bassoon (Enzo Biochem, Inc., Farmingdale, NY), and KIR 2.1
(Abcam, Cambridge, UK). Then, sections were incubated
with Alexa 488-conjugated or Alexa 555-conjugated second-
ary antibodies (Invitrogen Japan, Tokyo, Japan) with subse-
quent counterstaining with DAPI solution (2 pg/mL) for 1 h at
room temperature. Sections from eight animals were exam-
ined under a microscope equipped with a digital camera
(Olympus Co., Tokyo, Japan), and fluorescent images were
obtained using a confocal microscope (TCS-SP5; Leica,
Tokyo, Japan).

ERG Recordings

Mice were dark-adapted for at least 12 h and then placed under
dim-red illumination before conducting the ERGs. Mice were
anesthetized with intraperitoneal combined anesthetics [mid-
azolam 4 mg/kg of body weight (BW) (Sandoz Japan, Tokyo,
Japan), medetomidine 0.75 mg/kg BW (Nippon Zenyaku
Kogyo Co., Ltd., Fukushima, Japan), butorphanol tartrate
5 mg/kg BW (Meiji Seika Pharma Co., Ltd., Tokyo, Japan)]
and kept on a heating pad throughout the experiment. Mouse
pupils were dilated using a single drop of a mixture of
tropicamide and phenylephrine (0.5% each; Mydrin-P®;
Santen, Osaka, Japan). The ground and reference electrodes
were then placed on the tail and in the mouth, respectively,
while the active gold wire electrodes were placed on the
cornea.

Recordings were made using a PowerLab System 2/25
(AD Instruments, New South Wales, Australia). Full-field
scotopic ERGs were measured in response to a flash stimulus
at intensities ranging from — 2.1 to 2.9 log cd s/m?. Photopic
ERGs were measured after 10 min of light adaptation. Flash
stimuli ranging from 0.4 to 1.4 log cd s/m” were used for
recordings with a background of 30 cd s/m* (PowerLab
System 2/25, AD Instruments, New South Wales, Australia),
and the results of 20 single-flash trace trials were averaged.
Dark-adapted flicker ERGs [29] were recorded using repeated
stimuli at 0.4 log cd s/m? with a frequency ranging from 0.5 to
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30 Hz for 600 ms, and the first and 20th waves of continuous
recordings were analyzed. The responses were differentially
amplified and filtered through a digital bandpass filter ranging
from 0.3 to 1000 Hz. Each stimulus was delivered using a
commercial stimulator (Ganzfeld System SG-2002; LKC
Technologies, Inc., Gaithersburg, MD). The a-wave amplitude
was measured from the baseline to the trough, while the b-
wave amplitude was measured from the trough of the a-wave
to the peak of the b-wave. The implicit times of the a- and b-
waves were measured from the onset of the stimulus to the
peak of each wave. The peak points were automatically indi-
cated by the system and confirmed by the examiner. In each
recording, four to five KO and WT animals were used.

Real-Time Reverse Transcription-Polymerase Chain
Reaction

Total RNA was isolated from mouse retinas at 16 weeks of age
using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA). RNA concentration was measured using NanoDrop
1000 (Thermo Fisher Scientific), and 1 pg RNA was
reverse-transcribed using the SuperScript VILO master mix
(Life Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions. The following primer sequences
were used: glyceraldehyde 3-phosphate dehydrogenase
(Gapdh), forward 5'-AACTTCGGCCCCATCTTCA-3" and
reverse 5'-GATGACCCTTTTGGCTCCAC-3"; GS, forward
5'-ACTGTGAGCCCAAGTGTGTG-3" and reverse 5'-
GGAGGTACATGTCGCTGTTG-3'; glutamate aspartate
transporter (Glast), forward 5'-GAGCCTCACCAAGG
AAGATG-3' and reverse 5'-CCTCCCGGTAGCTCATTTTA
-3'; synaptophysin, forward 5'-GCATTGCTGATGCTGCTG-
3" and reverse 5'-CACCTTCACGAAGCCAAGG-3'; peroxi-
some proliferator-activated receptor gamma coactivator 1-
alpha (Pgcla), forward 5'-GATGAATACCGCAA
AGAGCA-3' and reverse 5-AGATTTACGGTGCATTCCT-
3'; cytochrome ¢ oxidase subunit 4 (Cox/V), forward 5'-
CGACTGGAGCAGCCTTTCC-3" and reverse 5'-CTGT
TCATCTCGGCGAAGC-3’; cytochrome ¢ (CytC), forward
5'-CCAGGCTGCTGGATTCTCTTACACA-3" and reverse
5-TCCAAATACTCCATCAGGGTATCC-3'; heme oxygen-
ase 1 (Ho-1), forward 5'-ACGCATATACCCGCTACCTG-3'
and reverse 5'-CCAGAGTGTTCATTCGAGCA-3'; fission 1
(FisI), forward 5'-ATATGCCTGGTGCCTGGTTC-3" and re-
verse 5'-AGTCCCGCTGTTCCTCTTTG-3'; mitofusin 1
(Mfnl) forward 5'-GATGTCACCACAGAGCTGGA-3’ and
reverse 5'-AGAGCCGCTCATTCACCTTA-3’"; mitofusin 2
(Mfn2), forward 5'-CCCCTCTCAAGCACTTTGTC-3' and
reverse 5'-ACCTGCTCTTCCGTGGTAAC-3'; sulfonylurea
receptor 1 (Surl) forward 5'-ctgctetttgtectggtgtg-3' and re-
verse 5'-cagctggcatgtacaaatgg; and potassium channel, sub-
family K, member 3 (also known as Task-1), forward 5'-
gctecttetacttcgecate-3' and reverse 5'-gaacatgcagaacaccttge.
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Tagqman probes (Applied Biosystems, Thermo Fisher
Scientific) were used for Kir2.1 (also known as Kcnj2, potas-
sium inwardly rectifying channel, subfamily J, member 2;
Mm00434616), Agp4 (Mm00802131), Kir4.1 (also known
as Kcnjl0, potassium inwardly rectifying channel, subfamily
J, member 10; Mm00445028), potassium channel, subfamily
V, member 2 (Kcnv2; Mm00807577), b cell lymphoma 2
(bcl2; Mm00477631), and BCL2-associated X protein (Bax;
MmO00432050). Real-time PCR was performed using the
StepOnePlus™ PCR system (Applied Biosystems, Thermo
Fisher Scientific), and gene expression was quantified using
the AACT method. All mRNA levels were normalized to
those of Gapdh. For expression analysis, five to ten KO and
WT animals or four to five culture samples with or without
knockdown (KD) of Agp4 (see below) were analyzed. All the
real-time reverse transcription-polymerase chain reaction (RT-
PCR) reactions using the SYBR systems were performed after
validating the primers by checking whether the melting curves
show a single peak (data not shown), and those using Tagman
probes were done following the manufacturer’s protocol.

Cell Culture

Primary Miiller glial cell culture was performed as previously
reported [30] with some modifications. Briefly, Miiller glial
cells were isolated from the retinas of C57BL/6 mice at post-
natal days 7-12. After the eyes were enucleated, the retinas
were isolated and incubated in 0.1% trypsin/EDTA (Gibco,
Thermo Fisher Scientific) at 37 °C for 30 min. Retinal cells
were dissociated by pipetting and maintained for a few days in
Dulbecco’s modified Eagle’s medium containing high glucose
(4500 mg/L) and Ham’s nutrient mixture F-12 medium
(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine
serum, penicillin (100 units/mL), and streptomycin (100 pg/
mL), at 37 °C, under a humidified atmosphere with 5% CO,,
to selectively purify Miiller glial cells.

To knockdown Agp4 in Miiller glial cells, we introduced
Agp4 siRNA (MSS202139, Thermo Fisher Scientific), while
control siRNA (Negative Control Lo GC, Thermo Fisher
Scientific) was introduced as negative control, using
Lipofectamine RNAiMAX Reagent (Thermo Fisher
Scientific), according to the manufacturer’s protocol. Cells
were incubated for 24 h before collecting them for experi-
ments. The cells were then washed with 1 mL PBS, sonicated
in an ice bath, and placed in TRIzol reagent (Life
Technologies) for mRNA extraction and real-time RT-PCR
analyses (see above).

Intravitreal Injection of KCL
Six-week-old C57BL/6 male mice (CLEA Japan, Tokyo,

Japan) were anesthetized with intraperitoneal injection of
combined anesthetics {midazolam 4 mg/kg BW (Sandoz
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Japan, Tokyo, Japan), medetomidine 0.75 mg/kg BW
(Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan),
butorphanol tartrate 5 mg/kg BW (Meiji Seika Pharma Co.,
Ltd., Tokyo, Japan)]; their pupils were dilated using a single
drop of a mixture of tropicamide and phenylephrine
(0.5% each; Mydrin-P®; Santen Pharmaceutical Co.,
Ltd., Osaka Japan) and received 2-uL intravitreal injections
of either KCL dissolved in PBS (50 mM) or just PBS as
vehicle via an UltraMicroPump (type UMP2) equipped with
a MicroSyringe Pump Controller (World Precision
Instruments, Sarasota, FL) [31]. Twelve animals were used
in each group.

Statistical Analysis

All results are expressed as the mean + standard deviation.
Student’s ¢ test was used to assess the statistical significance
of differences among the groups of animals or cell culture
conditions, with p < 0.05 regarded as significant.

Results
AQP4 Localization at the Synaptic Area of the Retina

AQP4 was coexpressed with GS, a Miiller glial cell marker, in
the retina of WT mice (Fig. 1a). Miiller glial cells span the
entire thickness of the neural retina [25], and AQP4 was abun-
dantly observed in the inner layer. In addition, AQP4 expres-
sion was also observed in the outer plexiform layer (OPL)
where photoreceptor-bipolar synapses are distributed.
Double immunostaining with the synaptic markers’
synaptophysin (Fig. 1b, b"), PSD95 (Fig. lc, ¢’), and bassoon
(Fig. 1d, d’) showed no colocalization with AQP4. In particu-
lar, bassoon signals were surrounded by AQP4 signal
(Fig. 1d, d'), suggesting that AQP4 is localized in Miiller glial
cells surrounding the synapses between photoreceptor and
bipolar cells.

Visual Function Hyperactivity in Agp4 KO Mice

The visual function of Agp4 KO mice was recorded by scoto-
pic and photopic ERGs. In general, the a-wave represents
photoreceptor function, while the b-wave shows the postsyn-
aptic inner retinal function transferred from photoreceptor ac-
tivity. We found that b-wave amplitude was higher in 12-
week-old KO mice than in WT mice of the same age (WT
and KO; n =5, 5; p<0.05; Fig. 2a—e, Supplementary Table 1),
and moreover, a-wave and b-wave amplitudes were also
higher in KO than in WT mice at 16 weeks of age (n=4, 5;
p<0.05 and p <0.01, respectively; Fig. 2f—j, Supplementary
Table 1). No change was observed in 8-week-old mice (data
not shown). Photopic ERG also showed an increase in b-wave

as

yp O AQP4/GS

T AQP4/S

AQP4/Bassoon AQP4/Bassoon@ AQP4/PSD95O) AQP4/PSD95€ AQP4/Syp

Fig. 1 AQP4 localization at the synaptic area of the mouse retina. a—d
Wild-type retinal sections immunostained with AQP4 and glutamine
synthetase (GS; a), synaptophysin (Syp; b, b"), PSD95 (c, ¢'), or
bassoon (d, d'). Arrowheads show the outer plexiform layer (OPL) where
photoreceptor-bipolar synapses are distributed. b’, ¢’, and d’ are
magnifications of b, ¢, and d, respectively. AQP4 is coexpressed with
GS but not with Syp, PSD95, or bassoon. Bassoon signals are
surrounded by AQP4 (d, d'). n=8. GCL ganglion cell layer, INL inner
nuclear layer, ONL outer nuclear layer. Scale bars, 10 pum

amplitude in 16-week-old KO mice compared with thatin WT
mice (n=4, 5; p<0.05; Fig. 2k—-m, Supplementary Table 1).
There were no changes in the implicit time of each recording.
Meanwhile, there were no obvious histological changes in-
cluding retinal thickness in Agp4 KO mice (data not shown).

Decrement of Visual Responses After Repeated
Stimuli in Agp4 KO Mice

To elucidate whether Agp4 deficiency could affect the recov-

ery of synaptic homeostasis in retinal neurons of Agp4 KO
mice, ERG responses were recorded using flicker stimuli
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Fig. 2 Visual function
hyperactivity in Agp4 knockout
(KO) mice. Electroretinogram re-
sponses in wild-type (WT) and
Agp4 KO mice at 12 (a—e) and 16
(f-m) weeks of age. Scotopic (a—
j) and photopic (k—m) responses.
Representative wave forms from
an individual mouse (a, f, K) and
mean data of a-wave (b, d, g, i)
and b-wave (c, e, h, j, 1, m) are
shown. The scotopic b-wave am-
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(Fig. 3a-h). The ratio of the scotopic ERG b-wave amplitude
at the 20th stimulus to that of the first stimulus of 0.5 Hz was
smaller in KO than in WT mice both at 10 weeks (WT 0.80 +
0.03, n=15, and KO 0.71 £0.07, n=6; p=0.023; Fig. 3a, b)
and at 12 weeks of age (WT 0.95+0.14, n=4; KO 0.73 £
0.05,n=6; p=0.042; Fig. 3¢, f). The latter was also true for 1-
Hz stimuli (WT 0.84£0.15,n=4; K0 0.50£0.09, n=6;p =
0.013; Fig. 3g, h), indicating a greater decrement in Agp4 KO
mice after repeated stimuli. These data suggested that the
electrical potential of neurons may not return to the appropri-
ate resting potential after firing due to the insufficient clear-
ance of synaptic mediators in Agp4 KO mice.

Alterations in mRNA Levels Related to Synaptic
Transmission in the Retina of Agp4 KO Mice

The levels of functional molecules related to synaptic trans-
mission were measured by real-time PCR in the retina of Agp4
KO mice. Significantly lower levels of Gs (WTand KO, n =7,
9; p=0.046; Fig. 4a) and Glast (n=9, 10; p =0.029; Fig. 4b),
which are expressed in Miiller glial cells and contribute to
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neurotransmitter metabolism and transfer, respectively, were
found in the retina of Agp4 KO than of WT mice at 16 weeks
of age. The presynaptic molecule synaptophysin was also
downregulated in KO mice (n =5, 5; p=0.036; Fig. 4c).

At the synaptic area, potassium channels are gated by in-
tracellular calcium elevation and are associated with synaptic
plasticity [32]. The extracellular potassium released by
excitatory neurons is buffered by glial cells in the brain
[33]. Real-time PCR analysis showed that the mRNA
levels of one of the strongly rectifying inward potassi-
um channels, Kir2.1 [32, 34], was downregulated in the
neural retinal tissue of Agp4 KO mice (n=9, 9; p=
0.000; Fig. 4d). In contrast, the mRNA expression of
Kird4.1, a weakly rectifying channel acting both as an inward
and outward channel [32, 34] (n=35, 5; p=0.990; Fig. 4e);
Kcnv2, a voltage-gated potassium channel subunit expressed
in photoreceptor cells [35] (=5, 5; p=0.917; Fig. 4f);
and Surl (n=5, 5; p=0.379, data not shown) and 7ASK-1/
(n=5,5; p=0.828, data not shown), two potassium channels
both of which are found in the retina [36], was not changed by
Agp4 deletion.
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Fig. 3 Decrement of visual responses after repeated stimuli in Agp4
knockout (KO) mice. Scotopic electroretinogram responses using
flicker stimuli from wild-type (WT) and Agp4 KO mice at 10 (a—d) and
12 (e—h) weeks of age. Mice were stimulated with 0.5-Hz (a, b, e, f) or 1-
Hz (¢, d, g, h) flicker light. Representative wave forms from an individual
mouse (a, ¢, e, g) and the mean b-wave amplitude ratio of the 20th to the
1st stimulus (b, d, g, i) are shown. The ratio is smaller in Agp4 KO than
WT mice at 10 weeks of age with 0.5-Hz stimuli (a, b) and at 12 weeks
with 0.5-Hz (e, f) and 1-Hz stimuli (g, h). Ten-week-old mice, n=5 (WT)
and 6 (KO); 12-week-old mice, n=4 (WT) and 6 (KO). *p <0.05

, 0.6

Decrement of b-wave
amplitude 20th / 1st
o
o w

WT KO

Kir2.1 Downregulation in Miiller Glial Cells upon Agp4
Deletion

Double immunohistochemistry showed that KIR2.1 localized
in GS-positive Miiller glial cells (Fig. 5a, a’). Meanwhile,
KIR2.1 did not colocalize with synaptophysin expressed by
neuronal cells in the OPL (Fig. 5b, b’). To examine
whether Kir2.1 expression is affected by Agp4 deletion
in Miiller glial cells, we used a primary culture system.
In cultured Miiller glial cells, Agp4 knockdown (KD),
confirmed by real-time PCR (control and KD, n=4, 5;
p=0.002; Fig. 5c¢), resulted in downregulation of Kir2.1

mRNA levels (n=4, 5; p=0.000; Fig. 5d), but not of Kir4.1
(n=4, 5; p=0.444; Fig. Se), suggesting that Kir2.1 and not
Kir4.1 levels are affected by Agp4 deletion in Miiller glial
cells.

Modulation of Intraocular Potassium Levels Induces
Hyperactive Visual Function in Agp4 KO Mice

Since KIR2.1 acts as an inward potassium channel, its
downregulation and the subsequent increase in extracel-
lular potassium levels may be associated with the hy-
peractivity of visual responses observed in KO mice. To
further examine this, we intraocularly injected KCI and
measured photopic ERG; for technical reasons, we
could not measure scotopic ERG, as it requires dark
adaptation, and the injection needed to be done under
bright light. The amplitude of photopic ERG stimulated
by 1.4 log cd s/m” increased after potassium loading, in
a similar manner as after Agp4 deletion in mice (vehicle
65.24+£20.33 mV; KCL 92.81+£26.99 mV; n=12, p=
0.010; Fig. 5f, g). The implicit time was not changed
(Fig. 5f, h).

Mitochondria Changes in the Retina of Agp4 KO Mice

In contrast to the increased ERG responses, the expres-
sion of functional molecules in Miiller glial cells and
neurons was decreased, as shown above. We next ana-
lyzed the mRNA levels of mitochondria-related mole-
cules. Mitochondria constitute the energy supplier of
the cells, and the retina is an energy-demanding tissue
due to high neuronal activity [37, 38]. In the retina of
Agp4 KO mice at 16 weeks of age, we found a signif-
icant downregulation of the mRNA levels of Pgcla, an
indispensable molecule for mitochondria biogenesis (WT
and KO, n=7, 9; p=0.018; Fig. 6a), and CoxIV (n=5,
5; p=0.022; Fig. 6b) and CytC (n=8, 10; p=0.024;
Fig. 6¢), two mitochondrial respiratory enzymes, com-
pared with the respective levels in the retina of WT
mice. Meanwhile, the levels of Ho-I, an antioxidative
molecule induced by oxidative stress and related to re-
spiratory responses in mitochondria to resolve the stress,
were not changed (n=8, 10; p=0.610; Fig. 6d), sug-
gesting no increase in oxidative stress. In addition, the
levels of Fisl (n=9, 10; p=0.002; Fig. 6¢e), Mfnl (n=
7, 9; p=0.008; Fig. 6f), and Mfn2 (n=9, 10; p=0.020;
Fig. 6g), which are induced during mitochondria remod-
eling to eliminate pathological mitochondria, were re-
duced. In contrast, the apoptosis checkpoint family mol-
ecules, Bcl2 (n=38, 10; p=0.042; Fig. 6h) and Bax (n=
8, 10; p=0.025; Fig. 6i) were upregulated, suggesting
that mitochondria homeostasis is disorganized in the retina
of Agp4 KO mice.
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Fig.4 Alteration in mRNA levels a
related to synaptic transmission in
the retina of Agp4 knockout (KO)
mice. Real-time RT-PCR in reti-
nal samples derived from wild-
type (WT) and Agp4 KO mice at
16 weeks of age (a—f). The rela-
tive mRNA levels of glutamine
synthetase (Gs; a), glutamate as-
partate transporter (Glast; b),
synaptophysin (Syp; ¢), and
Kir2.1 (d) are downregulated in
the retina of Agp4 KO mice, 0
compared with the respective

levels in WT retinas. The levels of

Kird.1 (e) and Kcenv?2 (f) are not d
changed. n=5-10. *p <0.05

Gs

WT KO

10

Kir2.1

05

WT KO

Discussion

In this study, we demonstrated that AQP4 is expressed in
Miiller glial cells at the synaptic area between photoreceptors
and bipolar cells, which compose the OPL. Compared with
WT mice, Agp4 KO mice displayed hyperactive visual func-
tion, which gradually progressed with age. The decrement in
b-wave amplitudes after repeated stimuli was also greater in
Agp4 KO mice. Functional molecules related to synaptic
transmission were downregulated in KO retinas. In addition,
KIR2.1, an inward potassium channel, expressed at the syn-
aptic area in Miiller glial cells, was also downregulated, while
increased extracellular potassium levels in WT mice recapitu-
lated the hyperactive photopic ERG responses in KO animals.
In Agp4 KO retinas, molecules related to mitochondria bio-
genesis, respiration, and remodeling were downregulated,
whereas apoptotic markers were upregulated.

The presence of AQP4 in Miiller glial cells shown by im-
munostaining is consistent with a previous report using im-
mune electron microscopy images [24]. This study found that
AQP4 is concentrated at the perivascular end feet of Miiller
glial cells. Additionally, we observed that AQP4 is also dis-
tributed around, but not colocalized with, neuronal synapses
between photoreceptor and bipolar cells.

Agp4 KO mice did not show obvious histological abnor-
malities at the analyzed ages (data not shown), consistently
with previous reports [9]; however, they exhibited a clear phe-
notype in visual responses recorded by ERG. KO mice
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showed hyperactivity both in scotopic and photopic ERGs,
which reflect rod and cone photoreceptor pathways function-
ing under dark and light conditions, respectively. Moreover,
the repeated light-evoked synaptic stimuli caused weakening
of visual responses in Agp4 KO mice. A similar fatigue phe-
nomenon in response to repeated stimuli is observed in myas-
thenia gravis [39], where the autoimmune system alters the
neurotransmitter refractory period in the neuromuscular junc-
tion. These findings support the idea that Agp4 deficiency
causes a disorganization in the kinetics of neurotransmitters.
Extracellular potassium is known to be critical in defining
the membrane potential of neurons [25]. Previous reports have
shown that light-evoked increases in extracellular potassium
in the OPL cause hyperactive ERG responses [40], while in-
creased ERG amplitudes are also observed after injection of
tetracthylammonium chloride, a blocker of potassium recti-
fiers [41]. We found that Agp4 KO mice show repression of
Kir2.1, an inward potassium channel in the retina, and a pre-
vious report indicated increased extracellular potassium ion
levels in the brain of Agp4 KO mice [42], suggesting that
potassium ions may be also increased in KO retinas.
Moreover, we showed that intraocular injection of KCL in-
creased the ERG amplitude, similarly to Agp4 deletion in
mice, supporting that hyperactive ERG responses observed
in Agp4 KO mice would, at least in part, be induced by the
increased extracellular potassium ion levels in the retina.
Insufficient KIR4.1 action, most likely by its redistribution,
which is related to Agp4 deficiency, was reported to affect
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Fig. 5 Modulation of intraocular
potassium levels induces
hyperactive photopic
electroretinogram (ERG) re-
sponses in mice. a, b Double
immunohistostaining for KIR2.1
and glutamine synthetase (GS; a,
a’) or synaptophysin (Syp; b, b)
in wild-type (WT) retinal sec-
tions. a’ and b’ are magnifications
of'a and b, respectively. GS (a, a';
arrows) but not Syp (b, b’) colo-
calizes with KIR2.1. Arrowheads
show the outer plexiform layer.
n=8. GCL ganglion cell layer,
INL inner nuclear layer, ONL
outer nuclear layer. Scale bar,
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osmotic condition in Miiller glial cells [43—45]. KIR4.1 is
expressed in the membranes of Miiller glial cells surrounding
the retinal vessels, the end feet facing the vitreous cavity, and
within the nerve fiber layer, but not at the synaptic site, which
was reported previously [32, 46]. In addition, KIR4.1 levels
are affected by vascular diseases, such as ischemia [24] and
diabetes [34], and have a major role in regulating the blood-
retina barrier [19]. In the current study, we found that the
mRNA levels of Kir2. I are downregulated in Agp4 KO retinas
and Agp4-deficient Miiller glial cells in vitro and that the pro-
tein is distributed around synapses in the mouse retina. While
KIR 2.1 was previously reported to be present in Miiller glial
cells and, most likely, neurons of the inner nuclear layer in the
retina [32], in contrast to the brain where it is expressed in
neurons rather than glia [47], its localization to the synaptic
area had not been clarified. Our present study showed that
KIR 2.1 can be found in Miiller glial cells at the synaptic area,
but not in the synapses of neuronal cells in the retina, as shown
by high-magnification images. Therefore, potassium

homeostasis at the synaptic area is at least in part regulated
by AQP4-KIR2.1 interaction, although we cannot exclude the
possibility that other potassium channels may be involved in
synaptic activity, in collaboration with AQP4.

Extracellular potassium ion levels affect electrogenic glu-
tamate uptake [48]. We found that Glast is repressed in Agp4
KO retinas; this transporter in Miiller glial cells uptakes the
extracellular glutamate around photoreceptor cells and is re-
quired for glutamate recycling and preserving normal gluta-
mate levels at the synaptic cleft between photoreceptors and
bipolar cells [49]. Given that the mice showed hyperactive
ERG responses, glutamate may have been accumulated in
the synaptic cleft. Further, Miiller glial cells not only prevent
the diffusion of glutamate released by photoreceptor cells out
of the synaptic cleft and glutamate uptake but also supply
neurons with glutamine and neurotransmitter precursors, such
as GABA [50, 51]. Agp4 KO mice exhibited lower levels of
Gs, an enzyme that converts glutamate into glutamine, a
source of GABA; visual hyperactivity observed in the KO
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Fig. 6 Mitochondria changes in a
the retina of Agp4 knockout (KO) 15
mice. Real-time RT-PCR in reti-
nal samples derived from wild-
type (WT) and Agp4 KO mice at 10
16 weeks of age (a—i). The rela- ‘Q :
tive mRNA levels of Pgcla (a), [$)
CoxIV (b), CyiC (¢), Fisl (e), g
Mfnl (f), and Mfn2 (g) are down- 0.5
regulated in Agp4 KO retinas,
while Ho-1 (d) levels are not
changed, compared with the re- 0
spective levels in WT mice. The WT
mRNA levels of Bci2 (h) and Bax
(i) are higher in Agp4 KO than in d
WT retina. n=5-10. *p <0.05; 15
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mice may have involved the influence of GABA levels [52].
In addition, synaptic fatigue during repeated stimulation may
be related to the insufficient clearance of glutamate at the
synaptic area. Thus, Agp4 KO mice may have an imbalance
in neurotransmitter metabolism. Regarding the a-wave de-
rived from photoreceptor cells in scotopic ERG, the accumu-
lated glutamate at the synaptic cleft during dark may have
caused excessive depolarization of photoreceptor cells, thus
resulting in an apparently greater amplitude at the time of the
light stimulus.

Hyperactivity is observed at the time of synaptic remodel-
ing related to local neurodegenerative changes [52]. While
Agp4 KO mice show reduction in visual function at 40 weeks
of age, as previously reported [26], the changes in the visual
responses of the Agp4 KO mice at 12 and 16 weeks old were
not the reduction but the hyperactivity and synaptic fatigue;
these changes would have represented the early changes of the
neural disorder. Neural hyperactivity is also observed at the

@ Springer

early stage of Alzheimer’s disease, a neural disorder [53, 54].
Given that abnormal clearance of synaptic glutamate by
Miiller glial cells causes neurotoxicity [50, 55-58], and apo-
ptotic markers were increased in Agp4 KO retinas, synaptic
disorder and postsynaptic remodeling may have already oc-
curred at least by 16 weeks of age, and thus synaptophysin
expression was changed. The fact that neural hyperactivity
precedes neurodegeneration is a common finding in
Alzheimer’s disease and Agp4 deficiency. Thus, the current
study may help understand the mechanism underlying
Alzheimer’s disease [22].

Another similarity to Alzheimer’s disease involves mito-
chondria changes. Mitochondrial dysfunction in the brains of
patients with Alzheimer’s disease correlates with a wide range
of mitochondrial abnormalities. One hypothesis regarding
such secondary abnormalities is that mitochondria aging is
accelerated by neural hyperactivity, which further induces mi-
tochondria exhaustion [59], given that synaptic transmission
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is regulated by mitochondria through modulating ATP pro-
duction [60]. Moreover, dysregulation of mitochondria
fission-fusion balance promotes neurodegeneration [61], and
Pgcla KO mice show hyperactivity [62]. In the retina of
Agp4 KO mice, fission-fusion markers and Pgcla were
downregulated, which may have accelerated neurodegenera-
tion in these mice. Therefore, a vicious cycle of hyperactivity
and mitochondria disorganization might explain the pathogen-
esis of Agp4 KO mice and the age-related progression, leading
to the induction of mitochondria-related apoptotic markers,
like Bcl2 family molecules, in the retina of Agp4 KO mice.

In humans, hyperactivity in ERG responses is observed in
central retinal vein occlusion [63], and the estimated mecha-
nism involves ischemia-related increase in the local levels of
inflammatory cytokines [64]. Given that AQP4 is important
for water diffusion allowing bidirectional water transport
across the plasma membrane [3, 12], the fine-tuning of diffus-
ible factor concentrations, besides glutamate and potassium, at
the neuron-glial site could be also involved in its role in pre-
serving neuron-microenvironment homeostasis. Thus, multi-
ple systems may be dysregulated in Agp4 KO retinas.

In summary, we demonstrated that neural hyperactivity and
synaptic fatigue in Agp4 KO mice occur before neurodegen-
eration becomes evident. Moreover, we showed that Agp4
deficiency disturbs synaptic homeostasis and mitochondria
metabolism most likely through dysregulation of potassium
metabolism and possibly through glutamate kinetics. Our re-
sults suggest that the bidirectional water channel AQP4 is
important for adjusting the levels of extracellular factors se-
creted upon neuronal firing and fine-tuning neurotransmission
to regulate neural and visual activity.
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