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PURPOSE. A new experimental glaucoma model was developed
by using an ex vivo rat retinal preparation to examine the
effects of elevated hydrostatic pressure on retinal morphology
and glutamine synthetase (GS) activity.

METHODS. Ex vivo rat retinas were exposed to elevated hydro-
static pressure for 24 hours in the presence of glutamate or
glutamate receptor antagonists and examined histologically. GS
activity was assessed by colorimetric assay.

RESULTS. Pressure elevation induced axonal swelling in the
nerve fiber layer. Axonal swelling was prevented by a combi-
nation of non-N-methyl-D-aspartate (non-NMDA) receptor an-
tagonist and an NMDA receptor antagonist, indicating that the
damage results from activation of both types of glutamate
receptor. When glial function was preserved, the typical
changes induced by glutamate consisted of reversible Müller
cell swelling resulting from excessive glial glutamate uptake.
The irreversible Müller cell swelling in hyperbaric conditions
may indicate that pressure disrupts glutamate metabolism. In-
deed, elevated pressure inhibited GS activity. In addition, glu-
tamate exposure after termination of pressure exposure exhib-
ited apparent Müller cell swelling.

CONCLUSIONS. These results suggest that the neural degenera-
tion observed during pressure elevation is caused by impaired
glial glutamate metabolism after uptake. (Invest Ophthalmol
Vis Sci. 2010;51:6414–6423) DOI:10.1167/iovs.09-5127

Glaucoma is a heterogeneous disorder caused by several
distinct pathologic processes. Although the pathogenesis

of glaucoma is not fully understood, it is believed that in-
creased intraocular pressure (IOP) is a major contributor. In-
creased IOP may cause ocular ischemia, because the vascular
perfusion pressure, defined as the difference between local
arterial pressure and IOP, is decreased by elevated IOP. Thus,
it has been hypothesized that excitotoxicity, which plays a key
role in ischemic damage, may be involved in glaucomatous
retinal degeneration.

Activation of glutamate receptors plays a key role in induc-
ing excitotoxicity in the retina.1,2 However, the primary
change produced by exogenously applied glutamate is a swell-
ing of glial Müller cells.3 Under these conditions, neurons are

not damaged. However, glutamate becomes excitotoxic to
neurons when Müller glia are unable to metabolize the amino
acid.4,5 This suggests that changes in glial function are impor-
tant in retinal excitotoxicity. Several studies have shown that
the expression of glutamine synthetase (GS), a key enzyme
involved in glial glutamate metabolism,6 increases after pres-
sure elevation,7–9 whereas others have reported decreases in
GS activity and expression.10,11 Thus, it remains controversial
whether elevated IOP alters glial cell glutamate metabolism as
a potential mechanism of retinal excitotoxicity.

We used an ex vivo rat retinal preparation12 to examine
histologically and biochemically whether elevated pressure
disrupts glutamate metabolism. In addition, we examined
whether elevated pressure alters glial fibrillary acidic protein
(GFAP), an intermediate filament protein expressed in injured
Müller glia,13,14 because GFAP is considered to be a pathologic
marker of Müller cell stress.15 An increase in GFAP expression
in Müller cells has recently been reported after the elevation of
IOP.7,13,16–21

MATERIALS AND METHODS

All experiments were performed in accordance with the guidelines of
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Retinal Segment Preparation

Retinal segments were prepared from approximately 30-day-old male
Sprague-Dawley rats (Charles River Laboratories International Inc.,
Wilmington, MA), according to published methods.12 The eyes were
carefully dissected from the orbits and placed in a holding device on
the floor of an ice-cold Petri dish filled with chilled aCSF (artificial
cerebrospinal fluid) medium containing (in mM): 124 NaCl, 5 KCl, 2
MgSO4, 2 CaCl2, 1.25 NaH2PO4, 22 NaHCO3, and 10 glucose. The
holding device consisted of an inverted cap (inside diameter, 5 mm)
removed from a 1.5-mL plastic vial. The cornea was excised circum-
ferentially with microscissors and the lens and vitreous were removed.
The empty eye cup (diameter, �5 mm) was placed on a flat cutting
surface and immersed in ice-cold aCSF. With a no. 22 surgical scalpel
blade, the eye cup was divided into four equal fan-shaped segments.
The retina was carefully and gently detached from the sclera with a fine
forceps and the scalpel blade. This detachment of the retina did not
affect morphologic integrity during a 24-hour incubation. Each speci-
men was placed in a plastic dish that was 0.5 cm deep and 2.5 cm in
diameter. The dish was slowly sunk with a guide wire to the bottom of
a tall glass cylinder filled with aCSF. To examine the optic disc region,
we cut some eye cups into a central eye cup segment approximately
2.0 mm in diameter. The 95% O2–5% CO2 gas mixture was delivered
through PE90 plastic tubing that terminated 3 cm above the bottom of
the cylinder (Fig. 1). The pH was maintained at 7.35 to 7.40, and in
some experiments, phenol red was added to the medium to monitor
changes in pH. Experiments were performed at 30°C.

The pressure at the bottom of the incubation cylinder was calcu-
lated as P � �gH (P, pressure; �, density of the aCSF; g, gravity; and H,
height of the aCSF column). The depth of aCSF in the control column
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was adjusted to 13.5 cm to attain a pressure of 10 mm Hg. An IOP of
75 mm Hg, a pressure that can occur during a severe, acute glaucoma
episode, was simulated by adjusting the CSF column height to 101.2
cm. Pressure-dependent changes in the retina were examined by in-
cubating the specimens in the aCSF column with heights of 33.7 and
67.3 cm, which correspond to 25 and 50 mm Hg, respectively. In some
experiments, glutamate (30 �M, 300 �M, and 1.0 mM) or glutamate
receptor antagonists were added to the aCSF. In a previous study,
typical Müller cell swelling was observed with 300 �M and 1.0 mM
glutamate, although 30 �M glutamate did not induce remarkable
changes in any layers of the retina. Based on these findings, we used
glutamate concentrations of 30 �M, 300 �M, and 1.0 mM to examine
excitotoxicity in the retina in the present study. A non-NMDA-type
glutamate receptor antagonist, 100 �M GYKI 52446 (GYKI), and an
NMDA type glutamate receptor antagonist, 10 �M dizocilpine (MK-
801), were added to the aCSF starting 10 minutes before the introduc-
tion of pressure loading. The concentration of each antagonist was

more than three times higher than the reported IC50s. Glutamate,
MK-801, and GYKI were obtained from Sigma-Aldrich (St. Louis, MO).

The effects of hydrostatic pressure elevation, glutamate, and gluta-
mate receptor antagonists on Müller cell swelling were determined by
light and electron microscopy. To examine the reversibility of Müller
cell swelling, we decreased the glutamate incubation period to 30
minutes. After that, the retinal segments were incubated in drug-free
medium for 20 hours, with or without pressure elevation. Some retinas
were exposed to pressure elevation for 20 hours after incubation with
1.0 mM glutamate for 30 minutes to examine the changes in glutamate
uptake ability.

Light Microscopy

On completion of each experiment, the retinal segments were fixed in
1% paraformaldehyde and 1.5% glutaraldehyde in 0.1 M phosphate
buffer overnight at 4°C. The fixed retinas were rinsed in 0.1 M phos-
phate buffer and placed in 1% buffered osmium tetroxide for 60
minutes. The retinas were dehydrated with alcohol, embedded in Epon
812 resin (TAAB Laboratories, Aldermaston, UK) and cut into 1-�m-
thick sections for light microscopy. The tissue was then stained with
methylene blue and azure II or toluidine blue and evaluated by light
microscopy. In the present study, we examined the optic disc regions
and the retinal segments taken from the middle part of the retina,
approximately 1200 �m from the center of the optic disc.

Electron Microscopy

The retinal specimens were trimmed to a smaller size, and ultrathin
sections (75 nm) were cut with a diamond knife and suspended over
formvar-coated slot grids (1 � 2 mm opening). They were stained with
uranyl acetate and lead citrate and viewed in a transmission electron
microscope (H-7650, Hitachi High-Technologies Corp., Tokyo, Japan).

Data Analysis

For quantitative assessment of pressure-dependent changes of the
nerve fiber layer thickness (NFLT) in the middle part of the retina,
NFLT and total retinal thickness were measured at 30 different loca-
tions in light micrographs from each retinal block. When the retinas
were incubated with glutamate in hyperbaric conditions, it sometimes
became difficult to clearly identify the NFL at the level of light micro-
scopic resolution. For quantitative assessment of the structural changes
in NFL in these experimental conditions, NFLT was measured at 30
different locations in electron micrographs from each retinal block.

In the central retina, it became easy to distinguish the NFL from
other structures by light microscopy. NFL thickness was analyzed
according to the algorithms of optical coherence tomography22 as
follows: The boundary of the optic disc was determined by the point
at which the retinal pigment epithelium terminated at the scleral canal
and served as a landmark. The disc diameter can be determined by
measuring the distance between the disc boundaries (landmarks) on
opposite sides of the disc. The NFLT and total retinal thickness can be
measured by constructing a perpendicular to the line that defines the
disc diameter from the landmarks.

Swollen axons, defined as having edematous axoplasm and shorter
diameter greater than 1 �m, were counted in 30 electron micrographs
of each specimen. The area of the NFL was measured with ImageJ 1.34
software (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html), and
the density of the swollen axons was calculated per 100 �m of the NFL
area.

The density of degenerated ganglion cells (GCs) was determined by
counting 30 fields of 500-�m length at 30 different locations in light
micrographs taken from the block of the middle retinal part.

The severity of neuronal damage was assessed in 30 fields of
light micrographs from each middle retinal block by using a neuro-
nal damage score (NDS).4 The NDS rates neuronal damage in the
INL and IPL on a 0 to 4 scale, with 0 signifying no neuronal damage
and four indicating very severe damage. Criteria used in establishing

FIGURE 1. Diagram of the present experiments. Retinal segments or
eye cups prepared from Sprague-Dawley rats were placed in plastic
dishes that were 5 mm high and 2.5 cm in diameter. Each dish was
suspended by a long stainless steel wire hooked through a hole in the
lateral wall. With the wire, the specimen in the dish was slowly
submerged to the bottom of a tall glass cylinder filled with aCSF at 30°C
and left for 24 hours. The wire was fixed at the top of the cylinder after
the dish was settled at the bottom of the cylinder. The diameter of the
glass cylinder was 3 cm, and the height was 20, 50, 80, or 120 cm.
Hydrostatic pressure at the bottom of the cylinder was calculated to be
10, 25, 50, or 75 mm Hg when aCSF was added to a height of 13.5,
33.7, 67.3, or 101.2 cm, respectively. The medium was constantly
bubbled with 95% O2–5% CO2 throughout the experiments. The min-
imum gas pressure needed to drive gas through the PE90 plastic tubing
was monitored before incubation. This minimum gas pressure reflects
the pressure at the bottom of the open, tall cylinder. Glutamate, GYKI,
or MK-801 was added to the aCSF during some experiments.
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the degree of neuronal damage included the extent of cytoplasmic
swelling in the IPL and the number of neurons in the INL showing
signs of severe cytoplasmic swelling and coarse clumping of nuclear
chromatin. Müller cell swelling was not counted. The highest NDS
(4) was assigned when the IPL showed an apparent spongiform
appearance due to dendritic swelling and when most somas in the
INL showed severe cytoplasmic swelling and coarse clumping of
nuclear chromatin. If the damage was to a lesser degree, a score of
3 was assigned. NDS 2 was assigned when somas in the INL were
sporadically swollen. In NDS 1, damage did not fulfill the higher
criteria, but the retinas differed from the control retinas (NDS 0).
Fine dendritic swelling in a limited area of the IPL without damage
in the INL was assigned NDS 2.

These morphometric parameters were assessed by three raters who
remained unaware of the experimental condition. Before the study
commenced, 12 samples of retinas incubated with various concentra-
tions of kainate (0, 1, 10, 100, and 300 �M) were scaled by the raters,
to determine the reliability of the scoring system. No significant differ-
ences were detected between the raters by one-way analysis of vari-
ance (one-way ANOVA) followed by the Tukey-Kramer test. On com-
pletion of data assessment, the significance of individual differences by
the raters was evaluated with 10 randomly selected samples in each
morphometric parameter, again. The data were double-checked and
analyzed (Bioscience ver. 9.53, SPBS; Nankodo Publisher, Tokyo, Ja-
pan; StatView ver. 5; SAS Institute Inc., Cary, NC). Each parameter was
compared with those of the control group by Mann-Whitney U test or
Student’s t-test. All analyses were two-sided and the results were
considered statistically significant at P � 0.05.

Immunocytochemistry

For immunocytochemistry, specimens were fixed with 2% parafor-
maldehyde in 0.1 M phosphate-buffer for 2 hours at 4°C. They were
then embedded in OCT compound (Sakura Global Holdings, Tokyo,
Japan), and frozen with liquid nitrogen. The cryosections were
incubated with anti-human GFAP antibody (Shima Laboratories Co.,
Tokyo, Japan). FITC-conjugated goat anti-rabbit IgG (Zymed Labo-
ratories, Carlsbad, CA) was applied to the frozen sections as a
secondary antibody. Binding sites of IgGs were detected by confocal
laser scanning microscopy (LSM510 Axiovert200M; Carl Zeiss Med-
itec, Göttingen, Germany) imaging the localization of 4�,6-dia-
midino-2-phenylindole (DAPI; 405-nm laser line excitation; 420/480
emission filter) and FITC (488-nm laser line excitation; 505/530
emission filter). DAPI was used for nuclear staining. The images
were captured with identical photomultiplier tube gain settings and
processed (LSM-PC; Carl Zeiss Meditec, Inc., Foster City. CA), using
the z-stack option. Images were reproduced for publication with
image-management software (Photoshop 7.0; Adobe Systems Inc.,
Mountain View, CA).

GS Assay

GS catalyzes the reaction, glutamate � NH4� � ATP 3 glutamine �
ADP � Pi � H�, in the presence of Mn2� or Mg2�. In the present study,
inorganic phosphate released from ATP in the GS biosynthetic assay
was detected colorimetrically.23

The retinas were recovered after incubation with pressure overload
as just described, washed thoroughly with cold Hanks’ buffer homog-
enized on ice in a solution containing 100 mM MOPS, 5 mM EDTA, and
200 mM sucrose (pH 7.0). After centrifugation (10,000g for 30 minutes
at 4°C), the supernatant was kept at �70°C until assay. The protein
concentration of retina samples was determined by the Bradford
method (Bio-Rad ABC solution; Bio-Rad Laboratories, Hercules, CA)
and serum �-globulin as the standard.24 GS was assayed at optimum
assay conditions, as described.25,26

RESULTS

Pressure-Dependent Changes in the
Peripheral Retina

The pressure dependence of axonal swelling in the NFL was
determined by obtaining retinal segments from the middle part
of the retina and incubating them in aCSF for 24 hours at 10,
25, 50, or 75 mm Hg. The retinas incubated at 10 and 25 mm
Hg exhibited a normal appearance (Figs. 2a, 2b, 2e, 2f). By
contrast, pressure overload at 50 mm Hg led to axonal swelling
in the NFL (Figs. 2c, 2g). The other retinal layers remained
intact except the IPL, in which several small vacuoles were
present. Pressure overload at 75 mm Hg increased the density
and size of the swollen axons in the NFL (Fig. 2d, 2h), and small
vacuoles were present in the IPL. A few GC nuclei became
pyknotic and shrunken at 50 and 75 mm Hg (Figs. 2g, 2h).

Glutamate-Dependent Changes in the
Peripheral Retinas

The concentration dependence of glutamate toxicity was de-
termined by incubating retinal segments obtained from the
middle part of the retina with various concentrations of gluta-
mate for 24 hours at 10 mm Hg. Administration of 30 �M
glutamate did not induce remarkable changes in any layers of
the retina (Fig. 3a). Müller cell swelling was induced by 300
�M glutamate without detectable changes in the retinal neu-
rons (Fig. 3b). Several GCs showed degeneration and shrinkage

FIGURE 2. Light micrographs of pressure-dependent changes in the
middle part of the retina. In retinas incubated at (a) 10 and (b) 25 mm
Hg, no abnormal changes were detected in any layers. (c) Axonal
swelling (arrowheads) was found in the NFL of a retina incubated at
50 mm Hg. Several small vacuoles were present in the IPL. The other
retinal layers remained intact. (d) Prominent swelling of the optic
nerve fibers (arrowheads) was observed in a retina incubated at 75
mm Hg. Several small vacuoles were present in the IPL. Retinal degen-
eration was not observed in other layers of the retina. Light micro-
graphs of pressure-dependent changes in the NFL. In retinas incu-
bated at (e) 10 and (f) 25 mm Hg, no remarkable changes were
observed. (g) Axonal swelling was found in the NFL of a retina
incubated at 50 mm Hg. Arrowheads: shrunken nuclei of GCs. (h) A
retina incubated at 75 mm Hg exhibited remarkable swelling of the
optic nerve fibers in the NFL. Arrowheads: shrunken GC nuclei;
arrow: a capillary. Scale bar: (a–d) 10 �m; (e–h) 23 �m.
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of the nuclei. The retinas exposed to 1.0 mM glutamate also
showed Müller cell swelling along with nuclear pyknosis in the
GC layer (GCL; Fig. 3c).

Effects of Pressure on Glutamate-Induced Toxicity

Administration of 30 �M glutamate did not induce remarkable
changes in any layers of the retina at 25 mm Hg (Fig. 4a).
Prominent axonal swelling was induced by 30 �M glutamate at
50 mm Hg (Fig. 4b), and several GCs showed degeneration and
nuclear shrinkage. Dendritic swelling in the IPL and nuclear
shrinkage in the INL were also observed. Retinas exposed to 30
�M glutamate at 75 mm Hg showed axonal swelling in the NFL
along with excitotoxic neural damage, characterized by a spon-
giform appearance of the IPL and bull’s-eye formation in the
INL (Fig. 4c).

Administration of 300 �M glutamate induced pyknosis of
GC nuclei at 25 mm Hg along with prominent Müller cell
swelling (Fig. 4d). At 50 and 75 mm Hg, administration of
300 �M glutamate induced typical excitotoxic neural dam-
age characterized by dendritic swelling in the IPL and bull’s-
eye formation in the INL, along with axonal swelling in the
NFL (Figs. 4e, 4f).

Administration of 1.0 mM glutamate caused marked Müller
cell swelling in the inner retina at 25 mm Hg (Fig. 4g). In
addition, nuclei of the GCs developed a shrunken appearance.
Administration of 1.0 mM, glutamate at 50 and 75 mm Hg
induced excitotoxic neural damage, along with axonal swelling
in the NFL (Figs. 4h, 4i). In addition, the optic nerve fibers and
GCs showed severe damage.

Structural Changes Induced by Pressure Elevation
and Glutamate in the Ganglion Cell Layer and
Optic Disc Region

Middle Part of the Retina. Compared with the control
retinas (Fig. 5a), a few GC nuclei became pyknotic and
shrunken, and marked axonal swelling was observed in the
NFL in retinas at high pressure (Fig. 5b). After exposure to
glutamate at control pressure, the GCs were surrounded by the
swollen end feet of Müller cells (Fig. 5c). A few of the GC
nuclei became pyknotic and shrunken. With the combination
of high pressure and glutamate, the GCs became necrotic, and

most exhibited nuclear chromatin condensation (Fig. 5d). Se-
vere degeneration was induced in the NFL.

Central Retina around the Optic Disc. Control retinas
showed a normal appearance in the vicinity of the optic disc
(Fig. 5e). The NFL adjacent to the optic disc was prominently
thick but exhibited a gradual decrease in thickness toward the
peripheral retina. High pressure (75 mm Hg) induced remark-
able axonal swelling in the optic disc region (Fig. 5f), and
several GC nuclei showed degeneration. The remaining layers
in the retina showed no remarkable changes. Administration of
1.0 mM glutamate caused swelling of the Müller glia surround-
ing the optic nerve fiber bundles in the vicinity of the optic
disc (Fig. 5g). Some excitotoxic degeneration, characterized by
bull’s-eye formation in the INL and a spongiform appearance in
the IPL, was noted, but the changes were not dramatic. Gan-
glion cells appeared to be floating in the swollen end-feet of
Müller cells. The combination of high pressure and glutamate
induced severe excitotoxic retinal degeneration, and optic
nerve fibers also showed severe degeneration (Fig. 5h).

Optic Disc Area. In control retinas, the lamina cribrosa of
the optic disc was rudimentary (Fig. 5i). The axons of the GCs

FIGURE 4. Light micrographs of pressure- and glutamate-dependent
changes in the middle part of the retina. OLM, outer limiting mem-
brane. (a) Administration of 30 �M glutamate at 25 mm Hg induced no
remarkable changes. (b) Administration of 30 �M glutamate (GA) at 50
mm Hg induced marked axonal swelling (arrowheads) in the NFL.
Several GCs showed nuclear pyknosis. The retina exhibited a spongy
appearance in the IPL and neural degeneration in the INL (arrows).
(c) A retina exposed to 30 �M glutamate at 75 mm Hg showed axonal
swelling (arrowheads) in the NFL, along with neural degeneration in
the IPL, INL, and ONL. (d) Administration of 300 �M glutamate in-
duced Müller cell swelling and pyknosis of the GCs at 25 mm Hg. Glial
swelling was observed beneath the ILM (✱), and in the INL (arrows)
and ONL (arrowheads). (e, f) Administration of 300 �M glutamate
induced excitotoxic neural damage, characterized by dendritic swell-
ing in the IPL and bull’s-eye formation in the INL at (e) 50 and (f) 75
mm Hg. The optic nerve fibers in the NFL were swollen and damaged
and nuclei of GCs became pyknotic. (g) Retina exhibiting prominent
Müller cell swelling beneath the ILM (✱) induced by 1.0 mM glutamate
at 25 mm Hg. Glial swelling was observed in the INL (arrows) and ONL
(arrowheads). Administration of 1.0 mM glutamate induced excito-
toxic neural damage, characterized by dendritic swelling in the IPL and
bull’s-eye formation in the INL at (h) 50 and (i) 75 mm Hg. The optic
nerve fibers were swollen and damaged in the NFL. The GCL showed
severe degeneration. Scale bar, 55 �m.

FIGURE 3. Light micrographs of glutamate-dependent changes in the
middle part of the retina. (a) No remarkable changes were induced by
30 �M glutamate in any layers of the retina incubated at 10 mm Hg.
OLM, outer limiting membrane. (b) This retina exhibited Müller cell
swelling beneath the ILM (✱) induced by 300 �M glutamate at 10 mm
Hg. The glial swelling was also observed in the IPL (arrowheads), INL
(arrows), and ONL (✯). (c) A retina exhibiting prominent Müller cell
swelling beneath the ILM (✱) induced by 1.0 mM glutamate at 10 mm
Hg. Glial swelling is observed in the IPL (arrowheads), INL (arrows),
and ONL (✯). Scale bar, 15 �m.
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organized into bundles and extended to the optic nerve
through the scleral canal. At high pressure (75 mm Hg), axonal
swelling in the optic disc led to histologic evidence of disc
edema (Fig. 5j). Administration of glutamate (1.0 mM) induced
neuronal degeneration in the IPL and the INL (Fig. 5k). Com-
bination of high pressure and glutamate induced excitotoxic
degeneration, and optic nerve fibers exhibited severe degen-
eration (Fig. 5l).

Involvement of Glutamate Receptors in Axonal
Swelling Induced by Pressure Elevation

To determine whether the axonal swelling induced by pres-
sure elevation resulted from the activation of glutamate recep-
tors, we administered GYKI, a non-NMDA receptor antagonist,
and MK-801, an NMDA receptor antagonist, alone or in com-
bination, to retinas exposed to high pressure (75 mm Hg) for
24 hours. GYKI partially attenuated the axonal swelling and
significantly reduced the number of swollen axons (Fig. 6a). In
contrast, MK-801-treated retinas showed substantial neuropro-
tection against high pressure, but failed to protect the GC
nuclei (Fig. 6b), many of which showed pyknosis or nuclear
shrinkage. GYKI and MK-801 combined provided nearly com-
plete neuroprotection (Fig. 6c).

Reversibility of Glutamate-Induced Müller
Cell Swelling

To examine the reversibility of Müller cell swelling, we
shortened the incubation period with glutamate to 30 min-
utes. After that time, Müller cell swelling was apparent in
the end feet in the GCL and in glial nuclei of the INL
(Fig. 7a). The swelling was reversed by subsequent incuba-
tion in drug-free medium for 20 hours at 30°C without
pressure elevation (Fig. 7b). In contrast, the reversibility of
glutamate-mediated Müller cell swelling was inhibited by

subsequent incubation in the drug-free medium for 20 hours
under high-pressure loading (75 mm Hg; Fig. 7c). Retinal
segments exposed to high pressure for 20 hours and then
incubation with 1.0 mM glutamate for 30 minutes showed
apparent swelling of the end feet of the Müller cells in the
GCL and in glial nuclei in the INL (Fig. 7d).

FIGURE 5. Light micrographs of the
GCL in the middle retinal segments.
(a) A control retina incubated at 10
mm Hg. (b) Axonal swelling of the
retinal GCs was observed after expo-
sure to elevated hydrostatic pressure
(75 mm Hg). A small number of GCs
showed nuclear pyknosis (arrow-
head). Open arrows indicate the
process of a Müller cell surround-
ing the GCs. (c) Müller cell swelling
(✱) was induced by administration
of 1.0 mM glutamate. Several GCs
showed nuclear pyknosis (arrow-
heads). (d) The combination of 1.0
mM glutamate and 75 mm Hg pres-
sure loading resulted in severe exci-
totoxicity. The NFL exhibits marked
degeneration, and GCs show necro-
sis (arrow) or nuclear pyknosis (ar-
rowheads). (e–h) Light micrographs

in regions adjacent to the optic discs (the optic disc is usually situated to the left in each photograph). (e) A retina incubated at 10 mm Hg showing
normal appearance. The NFL was prominent in the vicinity of the optic disc, but tapered off toward the periphery in the control retina.
(f) Remarkable axonal swelling in the NFL was induced by pressure loading (75 mm Hg). Several GCs exhibited degeneration (arrowheads). No
significant changes were observed in the remaining layers of the retina. (g) Administration of 1.0 mM glutamate induced Müller cell swelling (✱)
adjacent to the nerve fiber bundles in the NFL. GCs (arrows) are observed floating in swollen Müller cell. Black arrows: degenerated GCs.
Excitotoxic changes characterized by bull’s-eye formation (white arrows) in the INL and a spongiform appearance of synapses in the IPL were
observed. White arrowheads: Müller cell swelling in the INL. (h) Excitotoxic degeneration characterized by bull’s-eye formation (arrows) in the INL and
Swiss cheese–pattern dendritic swelling in the IPL was induced by combining pressure loading (75 mm Hg) and glutamate (1.0 mM). The NFL and GCs
(open arrows) were severely damaged. (i–l) Light micrographs of the optic discs. (i) A control retina incubated at 10 mm Hg. The rat optic nerve
head has only rudimentary lamina cribrosa. Unmyelinated fibers run through the scleral canal, and converge into the optic nerve. A, central retinal
artery; V, central retinal vein. (j) After pressure loading (75 mm Hg), the axons in the optic nerve head were swollen. (k) Administration of 1.0
mM glutamate-induced neural degeneration in the IPL and INL. (l) A combination of pressure loading (75 mm Hg) and glutamate (1.0 mM)
induced severe degeneration in the NFL and excitotoxic degeneration in the remaining layers of the retina. Scale bar: (a–d) 12 �m; (e–h)
35 �m; (i–l) 65 �m.

FIGURE 6. Light micrographs of middle retinal segments treated with
glutamate receptor antagonists. (a) Retinal segments exposed to ele-
vated pressure (75 mm Hg) and treated with 100 �M GYKI alone had
partial axonal swelling (arrowheads) in the NFL. OLM outer limiting
membrane. (b) MK-801 (10 �M) alone substantially prevented axonal
swelling, but pyknotic GC nuclei remained (arrow). No remarkable
changes were observed in other layers of the retina. (c) A combination
of GYKI and MK-801 produced almost complete neuroprotection
against the effects of pressure loading (75 mm Hg). Scale bar, 15 �m.
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Ultrastructural Investigation by
Electron Microscopy
Compared with control retinas incubated at 10 mm Hg (Fig. 8a),
electron microscopy revealed degeneration and substantial
swelling of axons after exposure to high pressure (75 mm Hg;
Fig. 8b). In addition, the combination of high pressure and
glutamate (1.0 mM) resulted in disruption of the GC axonal
membranes (Fig. 8c) and marked accumulation of membra-
nous structures or electron-dense materials in the swollen
axons. The cytoplasm of the Müller cells became edematous,
and electron-dense materials were deposited in some parts of
the cytoplasm. The combination of high pressure and gluta-
mate also induced an increase in the number of necrotic GCs
(Fig. 8d), with chromatin condensation at the edge of the
nucleus, and apoptotic bodies (Fig. 8e).

Quantitative Analysis of the Structural Changes
A quantitative assessment of the pressure-dependent structural
changes is summarized in Table 1. The NFLT in retinas incu-

bated at higher pressure (50 or 75 mm Hg) was significantly
increased compared with that in the control retinas (incubated
at 10 mm Hg). Similarly, the density of swollen axons and
damaged GCs and NDS ratings were significantly increased at
higher pressures. Pressure overload at 75 mm Hg, compared
with 50 mm Hg, increased the NFLT, the densities of the
swollen axons, and the damaged GCs and NDS (P � 0.01).
There were no significant differences in these parameters at 10
and 25 mm Hg (P � 0.87).

The quantitative assessment of the structural changes in-
duced by high pressure (75 mm Hg) and/or administration of
1.0 mM glutamate is summarized in Table 2. The NFLT after
exposure to high pressure alone or after a combination of high
pressure and 1.0 mM glutamate was significantly increased
compared with that in the control retinas, whereas glutamate
alone did not increase NFLT in the middle and central retina.
Similarly, the densities of swollen axons and damaged GCs and
the NDS were significantly increased after exposure to high
pressure or a combination of glutamate and high pressure. The

FIGURE 7. Reversibility of glutamate-
mediated Müller cell swelling. (a) Glu-
tamate (1.0 mM) administered at nor-
mal pressure for 30 minutes induced
swelling of the Müller cell end feet (✱)
in the GC layer and in the nuclei (ar-
rows). Black arrowheads and arrows:
swelling of Müller cell bodies and nu-
clei, respectively. There was swelling
of Müller cell bodies in the outer nu-
clear layer (white arrowheads). OLM,
outer limiting membrane. (b) Müller
cell swelling induced by 1.0 mM gluta-
mate was not present 20 hours after
removal of glutamate from the me-
dium. OLM, outer limiting membrane.
(c) The reversal of Müller cell swelling
during incubation in glutamate-free
medium was prevented by elevated
pressure (75 mm Hg) for 20 hours. (✱)
Swelling of the Müller cell end feet. There was swelling of Müller cell bodies in the IPL, INL, and ONL. Arrowheads: the degenerated or pyknotic GC
nuclei. OLM, outer limiting membrane. (d) Incubation with 1.0 mM glutamate after pressure loading (75 mm Hg) for 20 hours induced apparent swelling
of the Müller cell end feet (✱) in the GCL. Black arrowheads and arrows: the swelling of the Müller cell bodies and nuclei, respectively. There was a
remarkable swelling of the Müller cell bodies in the ONL (✯). Arrowheads: degenerated or pyknotic GC nuclei. OLM, outer limiting membrane. Scale
bar, 15 �m.

FIGURE 8. Electron micrographs of
the NFL and GCL. (a) Control NFLs con-
tained numerous axons of various sizes.
Each axon contained neurofilaments
and microtubules. (b) After exposure to
high pressure (75 mm Hg) for 24 hours,
numerous axons in the NFL were swol-
len. Mt, mitochondrion; Mu, cytoplasm
of the Müller cell. (c) After exposure to
high pressure (75 mm Hg) and gluta-
mate (1.0 mM), there were degenerated
organelles (arrowheads) and filamen-
tous structures (arrows) in the swollen
axons. Electron-dense materials (✱) or
granular structures are distributed in the
cytoplasm of Müller cell (Mu). (d) After
exposure to high pressure (75 mm Hg)
and glutamate (1.0 mM), ganglion cells
(G) became necrotic, as indicated by the
abundant presence of vacuoles in the
cytoplasm. De, degenerated dendrites;
Mu, edematous cytoplasm of the Müller
cell. (e) Some GCs had condensed nu-
clear chromatin and cytoplasmic shrink-
age. Scale bar: (a, b) 0.5 �m; (c–e) 2 �m.
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density of damaged GCs also increased after the administration
of glutamate.

Quantitative assessment of the structural changes in the
presence of the glutamate receptor antagonists GYKI and MK-
801 is summarized in Table 3. The NFLT in the retinas treated
with GYKI alone was significantly greater than in the control
retinas. Similarly, the density of swollen axons and the NDS
were significantly increased after treatment with GYKI alone
compared with that in the control retinas. The density of the
damaged GCs was greater in the retinas treated with GYKI
alone or MK-801 alone compared with those in the control
retinas. By contrast, there were no significant differences in
these parameters compared with those in the control in retinas
treated with a combination of GYKI and MK-801.

To confirm the reproducibility of data assessment, we eval-
uated the significance of individual differences in the raters by
one-way ANOVA followed by the Tukey-Kramer test. For ex-
ample, there was no significant difference in the NFLT at 10
mm Hg between three raters (27 df, P � 0.05 by one-way
ANOVA). As a result, there were no significant individual dif-
ferences between the raters for each morphometric parameter.

GFAP Immunoreactivity
GFAP was expressed by the end feet of the Müller cells in the
retinas incubated at pressures of 10 mm Hg (Fig. 9a) and 25
mm Hg (Fig. 9b). The Müller cells expressed GFAP in the inner
retina after exposure to higher pressure (50 mm Hg) for 24
hours (Fig. 9c), and GFAP expression markedly increased after
incubation at 75 mm Hg (Fig. 9d). After exposure to 1.0 mM
glutamate alone, expression was confined in the vicinity of the
end feet of the Müller cells (Fig. 9e). The combination of high
pressure (75 mm Hg) and 1.0 mM glutamate induced extensive
Müller cell GFAP expression, even extending into the inner
retina (Fig. 9f).

GS Activity
A colorimetric enzyme assay showed GS activity to be 144 	
29, 140 	 23, 112 	 17, and 92 	 25 U/mg protein at 10, 25,

50, and 75 mm Hg, respectively (Fig. 10). There were no
significant differences in GS activity between pressures of 10
and 25 mm Hg. GS activity was significantly reduced at 50 and
75 mm Hg compared with that at 10 mm Hg. In addition, there
was a significant reduction of GS activity at 75 mm Hg com-
pared with that at 50 mm Hg.

DISCUSSION

In the present study, we developed a new ex vivo experimen-
tal model for acute glaucoma that involves incubating rat reti-
nal segments under hydrostatic pressure at the bottom of a
deep cylinder. Although this system produced reliable results,
we noted several limitations in the model. First, critical survival
factors supplied from the bloodstream or axonal transport
were not provided to the retinal segments. Thus, the incuba-
tion period had to be time limited. Second, the hydrostatic
pressure used did not precisely simulate the pressure changes
observed in glaucoma. Pressure was exerted on the submerged
retinal segments from all directions. In contrast, the intact
retina, as a membranous tissue, receives pressure from only
one direction. Furthermore, interpretation of the damage was
complicated because separation of the pigment layer during
dissection may cause a situation similar to retinal detachment
and because optic nerve transection during dissection may
induce additional damage. Despite these limitations, we be-
lieve that our ex vivo experimental model is beneficial for
addressing questions about mechanisms contributing to glau-
coma. The advantages of this model include the higher degree
of control over experimental variables and better preservation
of neuron–neuron and neuron–glial interactions than is possi-
ble in dissociated cell preparations.

Of interest in the present study is the finding that axonal
swelling of the GCs was induced in a pressure-dependent
manner. The retinas incubated in control pressure exhibited
normal appearance, whereas axonal swelling became more
prominent as pressure increased. In the central nervous sys-

TABLE 2. Effects of Pressure Elevation to 75 mm Hg and 1.0 mM GA on NFLT or a Percentage of NFLT to Total Retinal Thickness, Density of
Swollen Axons (Ax), and Damaged GCs and NDS

Condition (n)

Middle NFLT � SE
(�m) [P] NFLT �

SE (%) [P]

Central NFLT � SE
(�m) [P] NFLT �

SE (%) [P] Middle Ax � SE [P] Middle GC � SE [P]
Whole Retina
NDS � SE [P]

Control (5) 2.6 	 0.8 [�] 13.5 	 2.6 [�] 0.9 	 0.5 [�] 0.1 	 0.5 [�] 0.2 	 0.1 [�]
1.4 	 0.5 [�] 6.1 	 1.2 [�]

Pressure (5) 13.9 	 4.7 [�0.001]* 22.9 	 4.4 [�0.001]* 11.2 	 2.5 [�0.001]* 9.7 	 5.6 [�0.001]* 1.0 	 0.5 [0.002]*
9.0 	 2.4 [�0.001]* 9.3 	 1.6 [0.002]*

GA (5) 2.7 	 0.9 [0.96] 12.9 	 2.0 [0.82] 1.3 	 0.7 [0.99] 10.0 	 1.5 [�0.001]* 0.4 	 0.4 [0.29]
1.5 	 0.7 [�] 5.8 	 2.2 [0.93]

Pressure � GA (7) 15.4 	 3.5 [�0.001]* 25.3 	 8.9 [�0.001]* 38.3 	 6.3 [�0.001]* 20.1 	 5.6 [�0.001]* 3.6 	 0.5 [�0.001]*
9.8 	 3.4 [�0.001]* 11.3 	 5.4 [0.002]*

Axon and GC counts and calculation of probabilities are as described in Table 1. GA, glutamate.
* Statistical significance was set at P �0.05.

TABLE 1. Pressure-Dependent Changes in NFLT or a Percentage of NFLT to Total Retinal Thickness, Densities of Swollen Axons (Ax), and
Damaged GCs and NDS

Condition (n) NFLT � SE (�m) [P] NFLT � SE (%) [P] Ax � SE (n) [P] GC � SE (n) [P] NDS � SE (n) [P]

10 mm Hg (5) 2.4 	 1.3 [�] 1.5 	 0.6 [�] 0.2 	 0.5 [�] 0.5 	 0.2 [�] 0.1 	 0.1 [�]
25 mm Hg (5) 2.6 	 1.2 [0.92] 1.7 	 0.7 [0.96] 0.3 	 0.7 [0.98] 0.6 	 0.4 [0.89] 0.2 	 0.1 [0.93]
50 mm Hg (5) 7.9 	 4.2 [0.002]* 5.8 	 1.7 [0.002]* 6.5 	 4.6 [�0.001]* 7.5 	 2.8 [0.002]* 0.8 	 0.3 [0.010]*
75 mm Hg (7) 12.8 	 3.7 [�0.001]* 9.2 	 2.6 [�0.001]* 13.5 	 4.3 [�0.001]* 8.8 	 3.6 [0.002]* 0.9 	 0.4 [0.009]*

The density of swollen axons was counted per 100 �m2 of the NFL. The density of damaged GCs was counted per 500 �m of retina. Ps were
calculated vs. the control (10 mm Hg) by Mann-Whitney U test.

* Statistical significance was set at P � 0.05.
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tem, activation of neuronal glutamate receptors induces swell-
ing of cell bodies and dendrites27–30 and also produces Na�-
dependent blebs in acutely isolated hippocampal neurons.31

This swelling is caused by the influx of Na� and Ca2� and the
passive redistribution of chloride and water across neuronal
membranes.29,32 Similar events occurring in axons could contrib-
ute to the findings observed in this study. Because a combination
of the glutamate receptor antagonists GYKI and MK-801 attenu-
ated the axonal swelling, we hypothesize that glutamate-mediated
excitotoxicity contributes to the development of axonal swell-
ing in hyperbaric conditions. The partial attenuation of the
axonal swelling by GYKI alone may be explained by a smaller
contribution of non-NMDA receptors to pressure-induced ret-
inal damage and may also reflect the predominant distribution
of NMDA receptors in GCs.33

It has been reported that presynaptically released glutamate
may reach levels of 1.0 mM in the synaptic cleft.34 We have
shown that, in normal conditions, 1.0 mM glutamate induces
significant changes in the retina as a result of Müller cell uptake

of glutamate along with sodium ions. However, this Müller cell
swelling is reversible after glutamate washout, and neurons are
not damaged. Higher concentrations of glutamate may induce
neuronal damage,12 and concentrations below 100 �M pro-
duce few changes in either Müller cells or neurons. In the
present study, we observed that 30 �M glutamate did not
induce remarkable changes in any layers of the retina at the
lower pressures (10 or 25 mm Hg). However, it became exci-
totoxic at elevated pressures (50 or 75 mm Hg). Because 30 �M
glutamate is usually nontoxic, these results suggest that intrin-
sic glutamate induces excitotoxicity under hyperbaric condi-
tions.

Glutamate concentration may rise significantly in patho-
logic conditions such as glaucoma. When glutamate levels are
persistently elevated, Müller cell swelling is an indicator of
Müller cell function as manifested by glutamate transport. The
present study showed that initial changes induced by excessive
glutamate (300 �M or 1.0 mM) at normal pressure consisted of
reversible Müller cell swelling. Under these conditions, neu-

FIGURE 9. Immunofluorescent localization of GFAP by confocal microscopy. Nuclei in the GCL, INL, and
ONL were counterstained with DAPI. (a) GFAP expression was restricted to the end feet of Müller cells
(arrow) in a control retina (10 mm Hg). (b) The retina incubated at 25 mm Hg showed positive
fluorescence only in the end feet of the Müller cells (arrow). (c) A retina incubated at 50 mm Hg showed
positive fluorescence (arrowheads) throughout the Müller cell body along with the end feet of Müller cells
(arrow). (d) At 75 mm Hg, prominent GFAP expression was observed throughout the Müller cell body
(arrowheads) along with the end feet of the Müller cells (arrow). (e) After administration of 1.0 mM
glutamate, GFAP expression was restricted to the vicinity of the Müller cell end feet (arrowheads).
(f) Müller cells expressed prominent immunolabeling for GFAP throughout the length of the cell body
(arrowheads) along with the end feet of the Müller cells after a combination of pressure loading (75 mm
Hg) and 1.0 mM glutamate. Scale bar, 20 �m.

TABLE 3. Effects of the Glutamate Receptor Antagonists GYKI and MK-801 on NFLT or a Percentage of NFLT to Total Retinal Thickness,
Density of Swollen Axons (Ax), and Damaged GCs and NDS in the Middle Retina

Condition (n) NFLT � SE (�m) [P] NFLT � SE (%) [P] Ax � SE (n) [P] GC � SE (n) [P] NDS � SE (n) [P]

Control (5) 3.4 	 1.8 [�] 2.1 	 1.3% [�] 0.6 	 0.4 [�] 0.6 	 0.5 [�] 0.3 	 0.2 [�]
GYKI alone (6) 7.8 	 3.7 [0.032]* 4.2 	 1.6 [0.034]* 6.5 	 3.8 [0.005]* 2.5 	 1.6 [0.045]* 0.7 	 0.3 [0.043]*
MK-801 (5) 2.7 	 0.9 [0.91] 1.2 	 0.7 [0.88] 0.3 	 0.7 [0.89] 2.3 	 1.2 [0.034]* 0.6 	 0.4 [0.39]
GYKI � MK-801 (7) 2.4 	 0.5 [0.98] 1.8 	 0.6 [0.79] 0.2 	 0.5 [0.98] 0.3 	 0.6 [0.84] 0.3 	 0.3 [0.85]

Axon and GC counts and calculation of probabilities are as described in Table 1. GA, glutamate.
* Statistical significance was set at P � 0.05.
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rons are not damaged; rather, the swelling appears to be a
result of protecting neurons from glutamate toxicity.35 How-
ever, glutamate did not induce typical Müller cell swelling at
higher hydrostatic pressures (50 or 75 mm Hg) in the present
study. If Müller cell swelling is an indicator of glial function,
higher pressure may suppress the neuroprotective function of
the Müller cells against glutamate and induce glutamate-medi-
ated excitotoxicity.

Prior studies indicate that Müller cell swelling is associ-
ated with the uptake of glutamate and sodium, and the
passive redistribution of chloride and water through the
astrocyte-specific transporter GLAST.5 After being taken up
by the Müller cells, glutamate is rapidly converted to glu-
tamine by the enzyme GS. GS activity in turn influences the
rate of glutamate uptake by the Müller cells,36 and the rapid
conversion of glutamate to glutamine causes a strong driving
force for glutamate uptake in the Müller cells. Thus, when
GS activity is diminished, it is likely that glutamate uptake by
the Müller cells will be reduced and typical Müller cell
swelling in the presence of elevated glutamate will be de-
pressed. Consistent with this, we observed a significant
decrease in GS activity along with inhibition of typical Mül-
ler cell swelling at higher incubation pressures (50 and 75
mm Hg). Based on these findings, we speculate that high
pressure impairs glutamate metabolism primarily by inhibit-
ing GS, thus reducing glutamate uptake by the Müller glia
and resulting in glutamate-mediated excitotoxicity. A previ-
ous report demonstrating a decline in GS immunoreactivity
in Müller cells in a canine model of glaucoma is consistent
with this notion.11

As has been reported,37 Müller cell swelling is reversible
if glutamate is converted to glutamine via GS, as the inhibi-
tion of GS disrupts the reversibility. However, Müller cell
swelling was irreversible in hyperbaric conditions. These
results are consistent with the results of the GS enzyme
assay, which revealed a significant decrease in GS activity at
higher pressures.

In our study, it was difficult to determine whether inhi-
bition of Müller cell swelling in hyperbaric conditions was
primarily caused by impairment of glutamate uptake or was
secondary to GS inhibition. We had observed in previous

work that inhibition of glutamate uptake without adding
exogenous glutamate leads to severe excitotoxic degenera-
tion.5,37 To examine these questions histologically, we in-
cubated ex vivo rat retinal segments that were exposed to
elevated hydrostatic pressure with 1.0 mM glutamate at
normal pressure for short periods. In this protocol, Müller
cell swelling was apparent, indicating that glial glutamate
uptake is preserved after pressure loading. Based on these
findings, we speculate that high pressure impairs glutamate
metabolism but not glutamate uptake.

The present study also demonstrated pressure-dependent
changes in GFAP expression in Müller cells. GFAP was
expressed by the end feet of Müller cells in retinas incubated
at lower pressures (10 or 25 mm Hg), whereas GFAP expres-
sion markedly increased after exposure to higher pressures
(50 or 75 mm Hg). These findings correlate well with results
from the GS enzyme assay in which we observed a signifi-
cant decrease in GS activity at higher pressures. Although
the precise role of GFAP expression in the pathogenesis of
glaucoma is still unclear,7 GFAP expression suggests that
Müller cell dysfunction induced by pressure elevation influ-
ences neuron– glia interactions via changes in glutamate
metabolism and an imbalance of intra- and extracellular
ionic homeostasis.
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