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Abstract
Purpose Aquaporin 4 (AQP4), a water channel protein, is
known to be expressed in retinal Müller cells. The purpose
of this study was to determine the effects of VEGF and AQP4
channels on the volumetric changes in Müller cells.
Methods Retinas from diabetic rats and a cultured Müller cell
line, TR-MUL5, were used in this study. Intravitreal injections
of VEGF or PBS were performed on either streptozotocin
(STZ)-induced diabetic or normoglycemic rats. Retinal sec-
tions were immunostained for anti-glial fibrillary acidic pro-
tein (GFAP), anti-AQP4, and anti-VEGF. VEGF protein
levels from collected retinas were determined by western blot
analysis. Volumetric changes and nitric oxide (NO) levels in
cultured Müller cells were determined using flow cytometry
(FACS), in the presence or absence of VEGF and TGN-020, a
selective AQP4 inhibitor.
Results In the diabetic rat retina, VEGF immunoreactivity
was concentrated in the internal retinal layers, and AQP4 im-
munoreactivity was higher than controls. The expressions of
AQP4were colocalized withGFAP. Protein levels of VEGF in
the hyperglycemic rat retina were significantly higher than
controls. FACS analyses showed that exposure to VEGF en-
larged Müller cells, while exposure to TGN-020 suppressed
the enlargement. Intracellular levels of NO were increased
after exposure to VEGF, which was suppressed following
the addition of TGN-020.
Conclusion The observed Müller cell swelling is mediated by
VEGF and AQP4.
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Introduction

Diabetic retinopathy is a leading cause of blindness, which is
due to two major vision-threatening clinical conditions; pro-
liferative retinopathy and macular edema [1–3]. Metabolic
control remains the most effective means of controlling dia-
betic retinopathy and other diabetes-related complications;
however, diabetic macular edema (DME) develops even at
the early stages of diabetic retinopathy.

Chronic increase of blood glucose levels leads to an upreg-
ulation of vascular endothelial growth factor (VEGF), which
results in the breakdown of the inner and outer blood retinal
barriers [4, 5]. The pathological roles VEGF plays in causing
retinal edema have been elucidated, [6] and anti-VEGF ther-
apy, which blocks the action of VEGF, is widely used for
treatment of DME [7, 8]. Inhibition of VEGF rapidly reduces
macular edema in eyes with diabetic retinopathy, even in pa-
tients with poor metabolic control; however, repeat injections
are often required due to the recurrence of macular edema.

Müller cells are the primary glial cells of the retina. They
extend longitudinally through the retina from the outer nuclear
layer to the border of the retina and vitreous [9]. Aquaporin 4
(AQP4), a water channel protein, [10] is known to be
expressed in retinal Müller cells [11, 12]. These water channel
proteins are densely packed at the footplates of Müller cells
and their processes surrounding retinal blood vessels in the
superficial and deep vascular plexus [13]. Because AQP4 is
closely associated with the formation and resolution of brain
edema, [14]. Müller cells are likely to be the main conductor
of water and ionic homeostasis in the retina. It has been
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suggested that AQP4 deletion is neuroprotective against is-
chemic retinal injuries [15].

AQP4 can also act as a reservoir for nitric oxide (NO)
molecules and can control NO flow in the central nervous
system (CNS) [16]. Additionally, NO can act on AQP4 chan-
nels and alter the water permeability of astrocytes [17]. VEGF
is known to increase NO formation in the brain [18, 19]. Thus,
we hypothesized that VEGF may cause swelling of Müller
cells via regulation of the AQP4 channel, which results in
retinal edema. To test our hypothesis, immunoblot analysis
was performed to determine whether the expression of
VEGF was increased in the retina of streptozotocin (STZ)-
induced diabetic rats. Immunohistochemistry was also per-
formed to determine the expression of VEGF, AQP4, and
GFAP in the diabetic retina. Additionally, we used flow cy-
tometry to determine whether VEGF increases cellular vol-
ume of cultured TR-MUL5 cells, a Müller cell line, in the
absence or presence of TGN-020, an AQP4-channel blocker
and DAF-2DA (4,5-diaminofluorescein diacetate), a fluores-
cein probe for NO.

Materials and methods

Animals

Twenty-eight, nine-week-old male Wistar rats weighing be-
tween 180 and 200 g were purchased from Japan SLC Inc.
(Shizuoka, Japan) and housed in an air-conditioned room at a
temperature of approximately 23°C with a humidity of 60%.
They were maintained on a 12-hour light/dark cycle and re-
ceived food and water ad libitum. They were handled in ac-
cordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Our experimental protocols
conformed to the Animal Research: Reporting In Vivo
Experiments (ARRIVE) guidelines [20] and was approved
by the Osaka Medical College Committee on the Use and
Care of Animals (Approval number: 27114).

Chemicals

All chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise specified.

Anesthesia and euthanasia

All procedures were performed under general anesthesia via
intraperitoneal injection of medetomidine (0.75 mg/kg), mid-
azolam (4 mg/kg), and butorphanol (5 mg/kg). Rats were eu-
thanized by exposure to CO2 at a rate of 6 L/min in a 13.8 L
cage with wood shaving bedding.

Induction of diabetes

To induce diabetes, each animal received a single 60 mg/kg
intraperitoneal injection of streptozotocin in 10 mM sodium
citrate buffer, pH 4.5, after an overnight fast while under gen-
eral anesthesia. As controls, nondiabetic animals received an
injection of citrate buffer alone. Animals with blood glucose
levels higher than 250 mg/dL 24 hours after injections were
considered diabetic. All experiments were conducted 2 weeks
after the induction of diabetes.

Intravitreal injection

Two microliter intravitreal injections of VEGF (10 ng/μl) (re-
combinant human VEGF165, R&D Systems, Inc.,
Minneapolis, MN, USA) in PBS or vehicle alone (PBS) were
performed using a Hamilton syringe and a 30-gauge needle.
Animals received general anesthesia as previously described,
and perfused fixation was performed 24 hours after the intra-
vitreal injections.

Immunohistochemistry of retinal slices

Sixteen rats were deeply anesthetized and perfused through the
heart with saline followed by 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer saline, pH 7.4. The retinas were care-
fully removed and post-fixed in 4% PFA in PBS overnight.
After washing with PBS, the retinal tissues were immersed in
30% sucrose overnight at 4°C and then embedded in OCT
compound (Sakura Finetechnical, Tokyo, Japan). Then,
10 μm frozen sections were cut with a cryostat. After blocking
with 1% normal goat serum plus 1% BSA and 0.1% triton X-
100 in PBS, the retinal sections were incubated overnight at
4°C with the following primary antibodies: mouse monoclonal
anti-GFAP (1:500), rabbit polyclonal anti-AQP4 (1:500), and
VEGF (1:500, Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The processed sections were photographed with a fluo-
rescent microscope (BZ-X700, Keyence, Osaka, Japan).

Protein levels of VEGF in retinal slices by western blot

Retinas were excised from the eyes and homogenized in lysis
buffer containing 1 mM phenyl methanesulfonyl fluoride,
10 μM pepstatin A, 10 μM leupeptin, 10 μM aprotinin,
0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 5%
sodium deoxy cholate, 50 mM Tris-HCl (pH 7.6), and
150 mM sodium chloride. The suspension was centrifuged,
and the total protein concentration of the resulting supernatant
was determined using the Lowry method (DC Protein Assay
Reagent, Bio-Rad, Hercules, CA, USA). Samples were sepa-
rated on a 12% SDS-polyacrylamide gel and blotted onto
PVDF membranes. The membranes were then blocked with
5% skim milk in Tris-buffered saline, pH 7.4 with 0.1%
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Tween 20 (TBS-T) followed by an overnight incubation at
4°C with a rabbit polyclonal antibody (1:1000) against
VEGF (147) (sc-507, Santa Cruz, Dallas, USA). Tubulin (α-
tubulin, 1:1000; Merck Millipore, CP06) was used as an in-
ternal control. The membranes were washed three times in
TBS-T followed by incubation with a peroxidase-conjugated
goat anti-rabbit IgG (1:2500, Promega, Madison, WI, USA)
secondary antibody for 2 hours at 37°C. The protein bands
were visualized following the addition of an ECL Plus western
blotting detection system (GE Healthcare, Little Chalfont,
UK). Protein band densities were measured with a lumines-
cent image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).
Relative protein levels were quantified using the embedded
software (Multi Gauge version 3.0) and standardized accord-
ing to α-tubulin protein levels.

Cell cultures

A rat retinal Müller cell line, TR-MUL5, was obtained from
Fact, Inc. (Sendai, Japan) [21]. These cells were collected
from transgenic rats carrying a temperature-sensitive SV40
large T-antigen gene [21, 22]. The TR-MUL5 cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) at 33°C in a
humidified atmosphere of 5% CO2/air. Before reaching con-
fluence, the temperature was raised to 37°C in order to arrest
the proliferation by reducing the expression of the large T-
antigen. Additionally, the media was changed to a control
DMEM media containing a physiological concentration of
5.5 mM glucose. The TR-MUL5 cells were then cultured in
control mediums lacking 10% FBS and serum-deprived over-
night. TR-MUL5 cells at passages 18 and 19 were used in this
study. Detailed procedures and treatment protocols for each
experiment are described later.

Measurement of intracellular levels of NO and cell volume
by flow cytometry (FACS)

To examine the effect of VEGF on the volume of cultured
Müller cells (TR-MUL5), the cells were incubated in the pres-
ence or absence of VEGF (5 ng/mL) overnight. Then, the cells
were harvested via trypsinization and centrifuged at 800 x g
for 5 minutes. The cells were resuspended in phenol red-free
DMEM with 5 μM 4,5-diaminofluorescein diacetate (DAF-
2DA; Cayman, Ann Arbor, MI, USA) for another 20 minutes
at 37°C. Cell densities were adjusted to 2.0 × 105 cells/mL and
incubated in the presence or absence of 100 nM TGN-020 for
30 minutes at 37°C.

Increased water permeability through AQP4 channels can
cause volumetric changes within the cells due to osmotic stress.
Thus, after washing with PBS, the cells were resuspended in a
hypotonic solution. The hypotonic solution (60% osmolarity)
was made by adding distilled water to an extracellular solution

consisting of 136 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, 11 mM glucose at pH 7.4, and an
osmolality adjusted to 180 mOsm, which is normally
300 mOsm [23].

Because the change in impedance, as determined by flow
cytometry, is proportional to the cellular volume, the cellular
volume was determined by the relative changes in impedance
during the sample acquisition [24]. Addition of DAF-2DA en-
abled us to determine the changes of intracellular NO levels
simultaneously. Thus, the changes in the intracellular levels of
NO and cellular volume ofMüller cells were analyzed using flow
cytometry (EC800, SONY, Tokyo, Japan) with 488 nm excita-
tion and FITC (515–545 nm) emission channels. The acquisition
and analysis software on the EC800 was used to acquire and
quantify the fluorescent intensities. The EC800 Flow
Cytometry Analyzer provided sensitive fluorescence measure-
ments in addition to forward and side scatter measurements. It
also allowed fluorescence normalization and accurate cell volu-
metric measurements. As electrolytes flowed through the aper-
ture, the resistance between the electrodes was extremely low.
When a particle passed through the aperture, the volume of the
electrolyte was displaced by the particle, thus increasing the im-
pedance between the electrodes resulting in a quantifiable voltage
pulse. The pulse height was directly proportional to the volume
of the displaced electrolyte and the cell volume [25].

To confirm that VEGF actually increased the cellular vol-
ume of Müller cells through formation of NO, we performed
an additional FACS experiment using a NO synthase inhibitor,
Nω-nitro-L-arginine methyl ester (L-NAME, 1 mM).

Statistical analyses

The means and standard error of the means were calculated.
Unless noted, two-tailed Student’s t-tests were used. The level
of significance was set at P<0.05.

Results

Immunohistochemistry of retinal slices

Photomicrographs of retinal sections stained immunohistochem-
ically with anti-VEGF antibody (red) and anti-GFAP antibody
(green) are shown in Fig. 1. Sections were obtained from eyes
receiving intravitreal injections of (A) a vehicle or (B) VEGF in
nondiabetic rats, and (C) a vehicle or (D) VEGF in STZ-induced
diabetic rats. Compared with the vehicle-injected, nondiabetic
rats (Fig. 1a), immunoreactivity to VEGF was increased in all
other groups and highest in the VEGF-injected STZ-induced
diabetic rats (Fig. 1d). Following injections of VEGF into the
vitreous of nondiabetic rats (Fig. 1b), immunoreactivity toVEGF
was increased in the ganglion cell layer (GCL), the inner plexi-
form layer (IPL), and the inner nuclear layer (INL). In the
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diabetic retina, VEGF expressionwas intensified in these internal
retinal layers (Fig. 1c), which was more intensified in the VEGF
injected samples (Fig. 1d). These results suggest VEGF expres-
sion is an autoregulatory event.

Figure 2 shows retinal sections stained immunohistochemi-
cally with an anti-AQP4 antibody (red) and an anti-GFAP
antibody (green). In the diabetic rat retina (Fig. 2b), immuno-
reactivity to AQP4 was higher than the control (Fig. 2a).

Fig. 1 Representative photomicrographs of retinal tissues stained
immunohistochemically with anti-VEGF (red) and anti-GFAP (green)
antibodies. Sections were obtained from eyes receiving intravitreal injec-
tions of (a) a vehicle or (b) VEGF in normoglycemic rats, (c) a vehicle or
(d) VEGF in hyperglycemic rats. Compared with the control, vehicle-
injected normoglycemic rats (a), immunoreactivity to VEGF was higher

in all other groups and highest in the VEGF-injected diabetic rat retinas
(d). When VEGF was injected into the vitreous of normoglycemic rats
(b), immunoreactivity to VEGF was increased. In diabetic retinas, VEGF
expression was more intense in the internal retinal layers (c), and further
increased with VEGF injection (d)

Fig. 2 Representative photomicrographs of retina tissues stained
immunohistochemically with anti-AQP4 (red) and anti-GFAP (green) anti-
bodies. Sections were obtained from nondiabetic rats (control, a) and STZ-
induced hyperglycemic rats (b). In the diabetic rat retina (b), the

immunoreactivity to AQP4 was higher than the control (a). Double staining
for AQP4 and GFAP demonstrated that the expression of AQP4 was co-
localized with GFAP expression in STZ-induced hyperglycemic rats (c)
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Additionally, the observed longitudinal pattern of AQ4 immu-
noreactivity to AQP4 in the inner plexiform layer (IPL), the
inner nuclear layer (INL), the outer plexiform layer (OPL), and
the outer nuclear layer (ONL), suggested that AQP4 expression

was increased in the Müller cells. Double staining for AQP4
and GFAP, a glial cell marker, demonstrated that the expression
of AQP4 was co-localized with GFAP expression (Fig. 2c).
Semi-quantification of the immunofluorescence signals
representing VEGF, GFAP, and AQP4 expression in each
group was analyzed using Image J software (NIH. Bethesda,
MD, Table 1).

Protein levels of VEGF in retina by western blot

Figure 3 shows VEGF protein levels in the retina as deter-
mined by western blot analysis. VEGF expression in nondia-
betic rats injected with VEGF was significantly (P= 0.025)
increased by 12.3%, suggesting the existence of an autocrine
loop in the formation of intraretinal VEGF [26]. Additionally,
the increase of VEGF was more enhanced in STZ-induced
diabetic rats. In diabetic rats, protein levels of VEGF were
increased 31.5% compared to the control (P<0.0001), and
increased 44.7% in VEGF-injected diabetic rats.

VEGF causes Müller cell swelling

Representative graphs showing the changes of DAF-2T fluores-
cent intensities in culturedMüller cells (TR-MUL5) are shown in
Fig. 4. DAF-2T fluorescent intensities were determined using
FACS and plotted on the abscissa, while the total number of cells

Table 1 Semi-quantification of immunofluorescence signal in each group

(A) (B) (C) (D)

VEGF 51.60 78.88 88.44 92.61

54.83 78.66 93.69 99.15

50.46 79.39 86.61 86.92

mean 52.29 78.98* 89.58* 92.89*

S.D. 2.27 0.38 3.67 6.12

GFAP 19.07 24.26 36.63 46.61

17.09 22.29 35.30 47.64

19.26 27.03 37.77 45.51

mean 18.47 24.53* 36.57* 46.59*

S.D. 1.20 2.38 1.24 1.06

AQP4 51.60 59.02 69.70 71.72

53.53 61.30 72.62 82.38

51.37 64.97 70.72 77.30

mean 52.16 61.76* 71.01* 77.13*

S.D. 1.18 3.00 1.48 5.34 (AIU)

Eyes receiving intravitreal injections of (A) a vehicle or (B) VEGF in
normoglycemic rats, (C) a vehicle or (D) VEGF in hyperglycemic rats

*: P<0.05 vs control (A)

Fig. 3 Protein levels of VEGF in
retinal slices by western blot
analyses. Compared to the
control, VEGF expression was
significantly increased in retinal
slices obtained from eyes
receiving intravitreal injections of
VEGF in normoglycemic rats.
Additionally, the increased VEGF
expression was more enhanced in
STZ-induced hyperglycemic rats
(P<0.05)
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was plotted on the ordinate. Exposure to VEGF caused an in-
crease of DAF-2T intensities in TR-MUL5 cells (Fig. 4a). On the
other hand, DAF-2T intensities were decreased following the
addition of an aquaporin 4 blocker, TGN-020 (100 nM, Fig. 4b).

Representative graphs showing the changes in cell diameter
of cultured Müller cells (TR-MUL5) are shown in Fig. 5. Cell
diameter was determined using FACS and plotted on the ab-
scissa, while the number of cells was plotted on the ordinate.
Exposure to VEGF caused an increase in the cell diameter of
TR-MUL5 cells (Fig. 5a). On the other hand, the increase in the
cell diameter was reduced following the addition of TGN-020
(100 nM, Fig. 5b). Figure 5c shows graphs illustrating the
changes in cellular volumes of TR-MUL5 cells. Based on these
FACS analyses, exposure to VEGF caused an increase in cel-
lular volume, while TGN-020 significantly (P<0.05) reduced
the enlargement.

Figure 6 demonstrates the observed changes of DAF-2T fluo-
rescent intensities in cultured Müller cells (TR-MUL5) exposed
to L-NAME, aNO synthase inhibitor. Exposure toVEGF caused
an increase of DAF-2T intensities in TR-MUL5 cells. On the

other hand, DAF-2T intensities were decreased following the
addition of L-NAME. Representative graphs illustrating the
changes in cell diameter of cultured Müller cells (TR-MUL5)
are shown in Fig. 7. Exposure to VEGF caused an increase in
the cell diameter of TR-MUL5 cells (Fig. 7a). On the other hand,
the increase in the cell diameter was reduced following the addi-
tion of L-NAME (Fig. 7b). In Fig. 7c, the graphs illustrate the
changes in cellular volumes of TR-MUL5 cells. Based on these
FACS analyses, exposure to VEGF caused an increase in cellular
volume, while L-NAME significantly (P<0.05) reduced this
enlargement.

Discussion

Our results showed that VEGF was increased in retinas of
STZ-induced diabetic rats. VEGF caused an increase in the
cellular volume of culturedMüller cells along with an increase
in intracellular NO levels. Additionally, TGN-020, an AQ4
inhibitor, suppressed the VEGF-induced changes.

Fig. 4 Nitric oxide levels present
in cultured Müller cells exposed to
the presence or absence of VEGF
and TGN-020, an AQ4 inhibitor.
DAF-2T fluorescent intensities
were determined using FACS and
plotted on the abscissa, while the
number of cells was plotted on the
ordinate. The control graph (black)
was shifted to the right (red) in the
presence of VEGF (a); however,
the control graph was shifted to the
left (blue) with the administration of
TGN-020, even in the presence of
VEGF (b)

Fig. 5 Graphs showing the changes in cell diameter of cultured Müller
cells (TR-MUL5). Cell diameter was determined using FACS and plotted
on the abscissa, while the number of cells was plotted on the ordinate.
Exposure to VEGF caused an increase in the cell diameter of TR-MUL5
cells (a). On the other hand, the cell diameter was decreased with the

addition of TGN-020, an AQ4 inhibitor (b). Graphs showing cell volume
changes in TR-MUL5 cells (c). According to FACS analyses, exposure to
VEGF caused an increase in the cellular volume of TR-MUL5 cells,
while TGN-020, an AQ4 4 inhibitor, suppressed the enlargement
(P<0.05)
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Under normal circumstances, quiescent endothelial cells
secrete low levels of VEGF [27] to maintain the physiological
condition of the retina [19]. On the other hand,Müller cells are
also a main source of VEGF, which assists in controlling the
growth of the deep plexus retinal vasculature [28]. However,
once VEGF production is increased in diabetic retinopathy or
ischemic retinal diseases, the increased vessel permeability
results in macular edema [29]. Tolentino et al. injected
VEGF into the vitreous of healthy monkey eyes, which result-
ed in changes similar to those seen in diabetic retinopathy,
including vascular dilatation, microaneurysms, capillary clo-
sure, and retinal edema [30]. Thus, VEGF, in excess, can
result in devastating effects for the retina under both diabetic
and normoglycemic conditions.

Our results also showed that intravitreal injections of
VEGF increased the immunoreactivities to VEGF, AQP4,
and GFAP in the retina. These changes were observed in both
the normoglycemic and diabetic rats, but the changes were
more intense in the diabetic retinas. Because GFAP is an

intermediate filament present in both Müller cells and astro-
cytes, the increased GFAP expression indicates hypertrophy
of these glial cells. The increased GFAP expression in Müller
cells is a well-known phenomenon in the diabetic retina.
Because upregulation of VEGF and GFAP is already known
to occur in diabetic retinas, [31] VEGF expression is linked to
these changes in glial cells of the diabetic retina.

In addition to increased blood-retinal barrier permeability,
the impairment of fluid clearance from the retinal tissue may
contribute to the development of retinal edema [11].
Expression of AQP4 in the retina is restricted to Müller cells
and astrocytes [32]. Our results showed that AQP4 immuno-
reactivity was concentrated in the GCL, IPL, INL, OPL, and
ONL. The expression of AQP4 was colocalized with GFAP
throughout the retinal layers. The cell bodies of Müller cells
are found exclusively in the inner nuclear layer with their
processes spanning the entire length of the retina [33].
Although astrocytes are known to exist in the ganglion cell
layer, the longitudinal expression pattern suggests the

Fig. 6 The observed changes of DAF-2T fluorescent intensities in cul-
tured Müller cells (TR-MUL5) exposed to L-NAME, a NO synthase
inhibitor. DAF-2T fluorescent intensities were determined using FACS
and plotted on the abscissa, while the number of cells was plotted on the
ordinate (a). Exposure to VEGF caused an increase in DAF-2T intensities

of TR-MUL5 cells. On the other hand, DAF-2T intensities were de-
creased following the addition of L-NAME. Graphs (b) show the signif-
icant changes in DAF-2T intensities of TR-MUL5 cells in each group
(P<0.05)

Fig. 7 Representative graphs showing the changes in cell diameter of
culturedMüller cells (TR-MUL5). Exposure to VEGF caused an increase
in the cell diameter of TR-MUL5 cells (a). On the other hand, the increase
in the cell diameter was reduced following the addition of L-NAME (b).

Graphs (c) show the changes in cellular volumes of TR-MUL5 cells.
Based on these FACS analyses, exposure to VEGF caused an increase
in cellular volume, while L-NAME significantly (P<0.05) reduced the
enlargement
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upregulation of these proteins involves Müller cells. In a pre-
vious study, Qin et al. [34] showed that AQP4 was mainly
expressed in the end feet of Müller cells from STZ-induced
diabetic rats. We showed that AQP4 was also highly
expressed in both the end feet and cell bodies of Müller cells
from STZ-induced diabetic rats. One difference between the
two studies was that they used eight-week-old Wistar Kyoto
rats one week after STZ injection, while we used nine-week-
old Wistar rats 2 weeks after the induction of diabetes.

It is already known that the expression of AQP4 in Müller
cells has a polarized distribution with predominant expression
located at the end foot processes facing the vitreous body or
capillary endothelium. They are also responsible for the trans-
port of water that accumulates in the tissue as the end product
of ATP synthesis [10]. Using wild-type and AQP4 knockout
mice, Da and Verkman investigated the role AQP4 may play
in altering retinal Müller cells exposed to ischemic conditions
following retinal injury. They found that AQP4 deletion in
mice is neuroprotective in a transient ischemia model of reti-
nal injury [15]. Müller cells are thought to play a role in water
handling in the retina by directing osmotically driven water
flux to the vitreous and vessels. Thus, we focused on the
Müller cells and investigated whether the inhibition of
AQP4 could suppress the swelling of retinal Müller cells un-
der osmotic challenges.

Blocking the production of NO by L-NAME reduced
VEGF-induced cell swelling as shown in Figs. 6 and 7.
Results from our in vitro assay suggested that VEGF actually
increased the cellular volume of Müller cells through the for-
mation of NO. This finding is in agreement with our previous
finding that NO increases the expression of AQP4 protein,[35]
and the enlargement of optic nerve astrocytes. Other reports
showed that VEGF induces NO formation, which then acti-
vates the transcription of VEGF [36, 37]. Because TGN-020,
a specific blocker of the AQP4 channel, reduced the VEGF-
induced increases of NO and cellular volume, the actions of
VEGF are, in part, mediated through the AQP4 channel.

In our FACS study, the fluorescent intensity of DAF-2Twas
increased following the addition of VEGF to cultured Müller
cells, and the increase was suppressed by TGN-020, as shown
in Fig. 4. These findings suggested that VEGF induced NO
formation in Müller cells, while the VEGF-induced increase
of NO was suppressed by TGN-020, a selective AQP4 inhib-
itor. Other reports demonstrated that NO increases the expres-
sion of AQP4 protein [35]. Thus, the enlargement of Müller
cells seen in our study (Fig. 5) was likely due to AQP4 and
VEGF, but confirming our findings using primary-cultured
Müller cells would be informative.

There are some limitations in this study. One limitation of
our study is that our results were obtained from normoglycemic
and STZ-induced hyperglycemic rats, which have no macula.
Thus, direct links of our findings to human diabetic macular
edema should be considered cautiously. It will be important to

confirm the present results using mammals that possess a mac-
ula, such as monkeys. Second, we performed an in vitro study
using a rat retinal Müller cell line to assess the involvement of
VEGF-induced NO production in retinal Müller cells. To con-
firm these data, similar experiments should be performed using
primary isolated Müller cells from both normoglycemic and
STZ-induced hyperglycemic rats.

In conclusion, our findings from in vivo and in vitro exper-
iments showed that excess VEGF inducesMüller cell swelling
through the formation of NO and AQP4 channels. Thus,
AQP4 channels may be a target for the treatment of diabetic
retinal edema and the associated Müller cell swelling.
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