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Abstract
Introduction: Astrocyte-to-neuron lactate shuttle (ANLS)
plays an important role in the energy metabolism of neurons,
including retinal ganglion cells (RGCs). Aquaporin 9 (AQP9),
which is an aquaglyceroporin that can transport lactate, may
be involved in ANLS together with monocarboxylate trans-
porters (MCTs) to maintain RGC function and survival. This
study aimed to investigate the impact of elevated intraocular
pressure (IOP) on AQP9-MCT interaction and RGC survival.
Methods: IOP was elevated in Aqp9 knock-out (KO) mice and
wild-type (WT) littermates by anterior chamber microbead
injection. RGC density was measured by TUBB3 immuno-
staining on retinal flatmounts. Immunolabeling, immunoblot,
and immunoprecipitation were conducted to identify and
quantitate expressions of AQP9, MCT1, MCT2, and MCT4 in
whole retinas and ganglion cell layer (GCL). Results: Aqp9 KO
and WT mice had similar RGC density at baseline. Microbead
injection increased cumulative IOP by approximately 32% up
to 4 weeks, resulting in RGC density loss of 42% and 34% in
WT and Aqp9 KO mice, respectively, with no statistical dif-
ference. In the retina of WT mice, elevated IOP decreased the

amount of AQP9, MCT1, and MCT2 protein and changed the
AQP9 immunoreactivity and reduced MCT1 and MCT2 im-
munoreactivities in GCL. Meanwhile, it decreased MCT1 and
increased MCT2 that interact with AQP9, without affecting
MCT4 expression. Aqp9 gene deletion increased baseline
MCT2 expression in the GCL and counteracted IOP elevation
regarding MCT1 and MCT2 expressions. Conclusion: The
compensatory upregulation of MCT1 and MCT2 with Aqp9
gene deletion and ocular hypertension may reflect the need
to maintain lactate transport in the retina for RGC survival.

© 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Glaucoma is an optic neuropathy wherein retinal
ganglion cells (RGCs) and their axon bundles, the optic
nerve, degenerate and drop out, thereby impairing visual
function and quality of life, with elevated intraocular
pressure (IOP) as a major risk factor [1]. Evidence has
been accumulating that astrocyte-to-neuron lactate
shuttle (ANLS) plays an important role in maintaining
neuronal metabolism, function, and survival [2, 3]. As-
trocytes in ANLS are thought to take up glucose from
blood vessels, convert it to lactate, and release the lactate
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toward neurons. Lactate taken up by neurons is converted
to pyruvate and then metabolized in the tricarboxylic acid
cycle to produce adenosine triphosphate.

Aquaporin 9 (AQP9) belongs to the aquaglyceroporins
and is permeable not only to water but also to mono-
carboxylates including lactate [4]. AQP9 is expressed in
catecholaminergic amacrine cells [5], RGCs [6–8], and
astrocytes in the retina. RGC expression of AQP9 is
decreased in rodent eyes with elevated IOP [6], optic
nerve crush (ONC) [3] or transection [7], and glau-
comatous human eyes [8]. Furthermore, we previously
demonstrated that L-lactate requires AQP9 expression to
maintain RGC survival in culture [9]. These lines of
evidence suggest that AQP9 is involved as a lactate
transporter in ANLS in the inner retina.

Other key players in ANLS are members of the proton-
linked monocarboxylate transporter (MCT) family [2, 3,
10, 11]. In the brain, endothelial cells and glia are known
to express MCT1 and MCT4, and neurons express
MCT2. MCT1 andMCT4 are presumed to mainly release
lactate andMCT2 to take up lactate [2, 3, 10, 11].We have
recently reported that AQP9 and MCT1, MCT2, and
MCT4 are co-expressed in RGCs, and ONC reduces their
expression and dissociates their protein-protein inter-
actions, which has an adverse effect on RGC survival and
function [3]. However, the impact of elevated IOP on the
interaction between AQP9 andMCTs in the retina and its
association with RGC death are unknown. This study
aimed to determine how elevated IOP affects retinal
AQP9 and MCT expression and their interaction and
RGC survival in the retina by inducing ocular hyper-
tension in wild-type (WT) and Aqp9 knock-out (KO)
mice by microbead (MB) injection into the anterior
chamber.

Materials and Methods

Animals
The Aqp9 KO (Aqp9−/−) mice were a gift from Professor Søren

Nielsen of the Department of Biomedicine of Aarhus University,
Denmark [12, 13]. These mice are C57BL/6J background mice with
targeted gene disruption of Aqp9 and exhibit normal development,
fertility, and appearance [3, 12]. The experiments used 20–25-week-
old male Aqp9 KO mice and their WT littermates (Aqp9+/+) (body
weight, 25–35 g). A total of 64 mice were housed at the Kobe
University animal breeding facility under a 12 h light/12 h dark period
(room temperature, 24 ± 2°C) with free access to food and water.

MB Injection into Anterior Chamber
The mouse model of chronic ocular hypertension by MB

injection into the anterior chamber was partially modified
from previous reports [14–16]. Mice were anesthetized with

intraperitoneal administration of a ketamine (100 mg/kg) and
xylazine (10 mg/kg) mixture, and the pupil of the left eye was
pharmacologically dilated with 0.5% tropicamide and 0.5%
phenylephrine hydrochloride mixed ophthalmic solution
(Santen Pharmaceutical Co., Osaka, Japan). The cornea was
punctured with a 32-gauge needle. Then, a hand-made beveled
glass capillary (1.0/0.75 mm outer diameter/inner diameter
without filament, Novato, USA) connected to a Hamilton syringe
was used to inject 6 μL of magnetic MBs (8 μm diameter, 6 × 106

beads/mL in phosphate buffered saline [PBS]; COMPEL™

Magnetic, COOH modified; Bangs Laboratories, Inc., USA),
followed by the injection of 4 μL of air bubbles (AB). The beads
were pulled into the anterior chamber angle with a hand-held
neodymium magnet to occlude the trabecular meshwork. The
right eye was left untreated. Another group of control mice was
injected with 6 μL of PBS (pH, 7.5; Cell Science & Technology
Institute Inc., Sendai, Japan) and 4 μL of AB into the anterior
chamber of the left eye. The mice were allowed to recover on a
heating pad. Each group comprised 16 mice.

IOP in awake mice was measured at the indicated time points
for 4 weeks using a rebound tonometer (TonoLab; TioLat, Finland)
[3, 16]. IOP was measured six times in each session, and internal
software was used to eliminate the highest and lowest readings and
average the remaining values. Cumulative IOP (mm Hg/day) was
calculated by multiplying the mean IOP value by the number of
days after MB injection [17].

RGC Density Measurement
Four mice per each group were sacrificed at 2 weeks or

4 weeks after treatments and perfused with 4% paraformal-
dehyde. Immunolabeling of retinal flat mounts with an anti-
tubulin β3 (TUBB3) antibody (BioLegend, USA) was performed
to visualize RGCs [3]. Briefly, explanted retinas were incubated
for 2 h at room temperature in a blocking solution of 5% bovine
serum albumin (BSA) in PBS containing 0.1% Triton X-100
(PBS-T) followed by incubation in PBS-T with Alexa Fluor (AF)
488 conjugated anti-TUBB3 antibody (1: 500) overnight at 4°C.
Then, the retinas were washed with PBS-T and mounted on
glass slides. An observer (T.K.), masked to mouse processing
conditions, counted the number of TUBB3-positive cells at two
points (1 mm and 2 mm from the optic disc) in each quadrant
(temporal, nasal, inferior, and superior) retinal region captured
by fluorescence microscopy (Biozero BZ-8000, Keyence, Japan)
using a 40× objective lens, that is, 0.145 mm2 per field of view,
for a total of 8 fields per retina. Cell density was calculated from
these images using NIH ImageJ software. The error coefficient
was less than 0.05, which confirms the adequate sampling
rate [18].

Retinal Thin Section Immunostaining
Frozen sections of the retina (8-µm thick; 4 mice per group at

4 weeks after treatments) were collected on glass slides and fixed in
4% paraformaldehyde for 10 min. The sections were incubated
overnight at 4°C with the appropriate concentration of primary
antibody after blocking with PBS-T containing 5% BSA. Following
extensive washes, they were incubated with secondary antibodies
for 1 h at room temperature. Then, they were washed andmounted
in coverslips. The primary antibodies used included chicken anti-
AQP9 (1:200, Abcam, Japan), rabbit anti-MCT1, MCT2, and
MCT4 (1:500, 1:200, and 1:200, respectively; Bioss, USA). The
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secondary antibodies used included AF488-anti-chicken goat IgG
(1:500, Themo Fisher Scientific KK, Japan) and AF594-anti-rabbit
goat IgG (1:500, Thermo Fisher Scientific KK).

Immunoprecipitation
Immunoprecipitation was performed using the Dynabeads

Protein A Immunoprecipitation Kit (Invitrogen, Carlsbad, CA,
USA) to determine the interaction between AQP9 and MCTs,
following the manufacturer’s instructions [3]. Briefly, retinas
from 3 eyes per group at 4 weeks after treatments were ho-
mogenized in lysate buffer (0.1 M of sucrose, 0.1 M ethyl-
enediaminetetraacetic acid [EDTA], 20 mM Tris-HCl pH 7.5,
2.5 mM sodium pyrophosphate, and one tablet of cOmplete
tablets EDTA-free Protease Inhibitor Cocktail [Sigma-Aldrich,
USA]) and homogenized by sonication. After centrifugation, the
collected supernatant was incubated in 1% sodium dodecyl
sulfate for 30 min. Samples were then centrifuged at 23,000 g for
30 min. The protein concentration of the supernatant was
quantified using NanoDrop Lite (Thermo Fisher Scientific KK).
Retinal lysate samples containing 800 μg of total protein were
incubated with 2 μL of rabbit anti-AQP9 (1:40; Abcam) for
10 min at room temperature, followed by incubation with Dy-
nabeads Protein A for 10 min. The beads were collected by
placing the tube on a magnet. Elution of Dynabeads-antibody-
antigen complex was used for further immunoblot analysis.

Immunoblot Analysis
Retinal proteins (60 μg) from whole-cell homogenates (4 eyes

per group at 4 weeks after treatments) or eluates of the above-
mentioned Dynabeads-antibody-antigen complexes were incu-
bated in Laemmli loading buffer containing 20 mM dithiothreitol
at 95°C for 5 min, followed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Thermo Fisher Scientific
KK) and subsequent transfer on a polyvinylidene difluoride
membrane (GE Healthcare Life Sciences, UK). The membrane
was blocked with 5% BSA in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T) for 1 h at room temperature, then incubated
overnight at 4°C with primary antibodies in TBS-T, including
rabbit anti-AQP9 (1:5,000, Abcam), MCT1, MCT2, and
MCT4 (1:1,000, see above), and β-actin (1:200, Abcam). Then,

the membrane was incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (1:2,000) at room temperature for
1 h. ECL reagents (GE Healthcare Life Sciences) was used for
chemiluminescence detection. The relative ratio of signal to β-
actin expression was quantified for total protein immunoblots,
while the relative ratio of signal to WT control was quantified for
immunoprecipitate immunoblots, using a LAS-3000 Mini digital
imaging system (Fujifilm, Tokyo, Japan).

Statistical Analysis
Data are reported as mean ± standard deviation. Statistical

analyses were performed using MedCalc software version 20.210
(MedCalc Software, Belgium). Statistical comparisons were made
by one-way or repeated measures analysis of variance (ANOVA)
when comparing three or more groups, and by unpaired t test
when comparing two groups. The Tukey-Kramer test was used for
post hoc analysis. A p value of <0.05 was considered statistically
significant. Bonferroni-corrected p values were used for repeated
IOP measurements in the same individuals.

Results

IOP Changes
Figure 1 illustrates baseline and post-injection IOP

changes among 4 treatment groups. Baseline IOP in the
WT AB, KO AB, WT MB, and KO MB mice were 13.0 ±
0.8, 12.3 ± 1.0, 12.0 ± 1.8, and 12.0 ± 0.9 mm Hg, re-
spectively, with no significant difference among the
groups (p = 0. 56). The WT MB group had significantly
higher IOP at 17 (p value with Bonferroni’s correction
[Pc] = 0.009) and 21 days (Pc = 0.012), while the KO MB
group had significantly higher IOP at 3 (Pc = 0.0095), 7
(Pc = 0.007), 10 (Pc = 0.006), 17 (Pc = 0.043), 21 (Pc =
0.003), and 24 (Pc = 0.001) days. No significant difference
was found in IOP compared to baseline in the WT AB
and KO AB mice. Hence, the cumulative IOP at 4 weeks

Fig. 1. Time course of changes in the IOP of
4 groups of mice. n = 16 per group between
Pre and day 14. Thereafter, n = 16 each in
WT AB and KO AB and n = 12 each in WT
MB and KO MB. *and **are significant
differences after Bonferroni’s correction
compared to Pre in theWTMB and KOMB
mice, respectively. See text for specific
values at each time point. WT, wild-type;
KO, Aqp9 knock-out; AB, air bubble; MB,
microbeads; Pre, pre-treatment.
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in theWTAB, KOAB,WTMB, and KOMB groups were
430.1 ± 14.7, 425.4 ± 14.5, 568.6 ± 18.2, and 565.2 ±
38.8 mm Hg-day, respectively, indicating that the WT

MB and KO MB mice were 32.2% and 32.8% higher than
AB counterparts, respectively (one-way ANOVA, p <
0.001; Tukey-Kramer, p < 0.05).

a

b

c

Fig. 2. Changes in RGC density of 4 groups
of mice. a Representative TUBB3 im-
munolabeling images. Scale bar, 50 μm.
b Data quantification. n = 4 per group. WT
AB and KO AB were mice sacrificed at
4 weeks after treatment. *ANOVA, p <
0.001; Tukey-Kramer test, p < 0.05. c Scatter
plots of TUBB3-positive cell density against
cumulative IOP. All data were obtained
from mice sacrificed at 4 weeks after
treatments. An orthogonal line is a linear
regression line with R2 = 0.785 (p < 0.0001).
2W, 2 weeks after treatment; 4W, 4 weeks
after treatment; error bar, standard error of
mean.
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Effect of Elevated IOP on RGC Density
There was no difference in RGC density between WT

and Aqp9 KO mice at any time points, irrespective of MB
or AB injection. The density significantly decreased at 2
and 4 weeks than at baseline in both WT and Aqp9 KO
mice (one-way ANOVA, p < 0.001; Tukey-Kramer test,
p < 0.05) as shown in Figure 2a and b.

There was a significant correlation between cumulative
IOP and RGC density at 4 weeks of treatment (Fig. 2c),
with a R2 of 0.785 (p < 0.0001). WT and KO mice show
similar cumulative IOP and RGC cell density distribu-
tions after AB or MB injections.

Retinal Expression of AQP9 and MCT1, MCT2,
and MCT4
Figure 3 demonstrates representative images of immu-

nostaining of AQP9, MCT1, MCT2, and MCT4 (green),
which were co-labeled with a RGC marker, RNA-binding

protein with multiple splicing (RBPMS; red), and DAPI
nuclear staining (blue). As shown in Figure 3, the WT AB
mouse shows immunoreactivity for AQP9, MCT1, MCT2,
andMCT4 not only in a portion of RBPMS-positive cells, as
shown in yellow, but also in more superficial retinal layer
(arrowheads). Considering their linear pattern of immu-
noreactivity, their superficial immunoreactivity is deemed to
reflect astrocyte expression of these transporters. TheKOAB
mouse almost lost ganglion cell layer (GCL) AQP9 im-
munoreactivity, while MCT1 and MCT4 immunoreactivity
were very similar to WT counterparts. Conversely, the GCL
MCT2 immunoreactivity was enhanced compared to the
WT. The WT MB mouse still showed AQP9 immunore-
activity surrounding the remaining RBPMS-positive cells
(arrow), but lost the superficial linear pattern of AQP9
immunoreactivity at the GCL.MCT1 immunoreactivity was
substantially reduced in these mice, but the reduction of
MCT2 andMCT4 immunoreactivity was modest compared

a

b

c

d

Fig. 3. Co-immuno-labeling of AQP9,
MCT1, MCT2, and MCT4 (green) with
RBPMS (red) in the inner retina of 4
groups of mice at 4 weeks after treatment.
DAPI nuclear staining (blue) was also
conducted. a AQP9 immunolabeling.
b MCT1 immunolabeling. c MCT2 im-
munolabeling. d MCT4 immunolabeling.
Scale bar, 25 μm. Arrowheads indicate
immunoreactivity of AQP9, MCT1,
MCT2, and MCT4 which is not co-labeled
with RBPMS. An arrow indicates a rep-
resentative RGC expressing both RBPMS
and AQP9. GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear
layer.
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to theWTAB group. In contrast, the KOMBmouse showed
no AQP9 immunoreactivity. Immunoreactivity for MCT1
andMCT4 was not much different from the KO ABmouse,
while MCT2 immunoreactivity was rather enhanced.

Figure 4 shows immunoblot analysis data of mouse
retina 4 weeks after treatment. Compared to the WT AB
group, the remaining three groups showed significantly
decreased AQP9 relative to β-actin expression (one-way
ANOVA, p < 0.001; Tukey-Kramer test, p < 0.05). There
were no differences in baseline expressions of MCT1,
MCT2, and MCT4 between the WT and KO AB mice.
The WT MB mice exhibited significantly reduced MCT1
and MCT2 expression than the other three groups (p <
0.001), while the KO MB group had significantly higher
MCT1 than the remaining three groups (p < 0.05) and

had significantly higher MCT2 than the WT AB and MB
groups (p < 0.05). In contrast, MCT4 expression did not
differ among the four groups (p = 0.17).

Interaction of MCTs 1, 2, and 4 with AQP9 Expression
in Retina
Figure 5 depicts immunoblots for AQP9, MCT1,

MCT2, andMCT4 co-immunoprecipitated with AQP9 in
mouse retinas 4 weeks after treatment. Retinal AQP9

a

b

Fig. 4. Immunoblot analysis data of mouse retinas 4 weeks after
treatment. a Representative blot images. b Data quantification
expressed by relative ratio to β-actin expression. n = 4 per
group. *ANOVA, p < 0.001; Tukey-Kramer test p < 0.05.

a

b

Fig. 5. Immunoblot for immunoprecipitation with AQP9 in mouse
retinas 4 weeks after treatment. a Representative blot images. b Data
quantification expressed by relative ratio to the average expression in
WTmice. n = 3 per group. IP, immunoprecipitation; IB, immunoblot.
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immunoprecipitates from theWT ABmice unsurprisingly
revealed abundant AQP9 expression, whereas those from
the KO AB group lacked AQP9 immunogenicity (p <
0.0001). The WT MB mice exhibited reduced AQP9 and
MCT1 co-immunoprecipitated with AQP9 compared to
the WT AB mice (p < 0.0001). In comparison, co-
immunoprecipitated MCT2 was significantly increased
(p < 0.0001). Conversely, the WT MB mice showed
marginal reduction of MCT4 immunogenicity in AQP9
immunoprecipitates compared toWTABmice (p = 0.037).

Discussion

The degree of cumulative IOP elevation and the
eventual RGC density reduction rate both occurred in the
present study and were comparable with previously re-
ported results [14–17]. The comparable RGC density in
WT and Aqp9 KO mice at baseline replicated our pre-
vious report [3], supporting thatAqp9 gene deletion alone
does not induce RGC death under physiological condi-
tions. Given no difference in RGC density between Aqp9
KO mice and WT littermates even at 4 weeks after MB
injection, Aqp9 gene deletion did not modify the RGC
density reduction induced by ocular hypertension. This
looked contradicted with our previous study using ONC
that a 44.9% reduction after ONC in WT mice signifi-
cantly increased to 60.1% in Aqp9 KO mice [3]. This
discrepancy may be because ocular hypertension is a
milder load on the RGCs and the optic nerve than ONC,
possibly enabling RGCs to compensate for the com-
promised metabolisms [19]. Ocular hypertension re-
duced retinal AQP9 expression and changed GCL AQP9
immunoreactive pattern inWTmice as in ONC [3], optic
nerve transection [7] in rodents, and in human glau-
comatous eyes [8].

The major difference between the present study and
the previous one using ONC [3] is the change in MCT
expression in Aqp9 KO mice. The MCT1 and MCT2
expression during ONC significantly increased in Aqp9
KOmice compared toWTmice but did not exceed that of
the sham group [3]. Meanwhile, ocular hypertension also
increased both MCT protein expression in Aqp9 KO
mice, but the extent of the increase was significantly
greater than in the KO AB mice. Additionally, ocular
hypertension like ONC decreased MCT1 protein co-
immunoprecipitated with AQP9, but the magnitude of
the decrease was not as marked as in the case of ONC.
Moreover, theMCT4 co-immunoprecipitated with AQP9
remained almost unchanged, while MCT2 counterparts
rather increased, suggesting that MCT2 and MCT4

co-expressed with AQP9 were greatly enhanced by ocular
hypertension stress, given overall AQP9 content reduc-
tion. These findings may indicate that elevated IOP not
only alters AQP9,MCT2, andMCT4 individually but also
impacts their protein-protein interaction. The mecha-
nism by which high IOP enhances the interaction be-
tween AQP9 and MCT2 is unknown, but it is known that
AQP9 has different isoforms [20, 21], and the AQP9
isoform that remains at elevated IOP may have higher
affinity and binding ability with MCT2 than the AQP9
isoform whose expression decreases. Further studies
should be warranted.

Conversely, conventional immunoblots revealed
that MCT1 expression was greatly enhanced in KO MB
mice, suggesting MCT1 independently expressed from
AQP9 increased in these mice. Harun-Or-Rashid et al.
[15] reported that MCT1, MCT2, and MCT4 expres-
sions in the optic nerve are reduced in DBA/2J mice
with spontaneous glaucoma and glaucoma mice with
MB injection-induced elevated IOP. The following
study by the same group revealed that MCT2 over-
expression has neuroprotective effects on the retina and
optic nerve [22]. Thus, the neuronal MCT2 among
MCT family may play a fundamental role in RGC
survival in the metabolically compromised retina in the
context of ANLS [23–25].

The present study has limitations. First, there is no
direct evidence for an affinity between MCTs and
AQP9 despite a physical interaction between them.
Second, the RGC has not been functionally evaluated.
In conclusion, despite similar eventual RGC density
reduction between the WT and Aqp9 KO mice, ocular
hypertension decreased the AQP9 and MCT1 and
MCT2 expressions in GCL and MCT1-AQP9 inter-
action in the WT mice, while MCT1 and MCT2 ex-
pressions were rather enhanced in the Aqp9 KO mice,
possibly as a compensatory mechanism to maintain
ANLS in the inner retina.
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