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PURPOSE. To investigate how OPA1 expression and distribution
are altered by increased nitric oxide (NO) and whether amino-
guanidine, a relative selective NO synthase (NOS)-2 inhibitor,
can restore OPA1 expression and subsequently increase retinal
ganglion cell (RGC) survival in ocular hypertensive rats.

METHODS. Elevated intraocular pressure was induced unilater-
ally by translimbal laser photocoagulation of the trabecular
meshwork in Sprague-Dawley rats. Aminoguanidine (100 mg/
kg) was administered by intraperitoneal injection for 3 consec-
utive days in rats after laser treatment. Preservation of fluoro-
chrome-labeled RGCs was assessed 2 weeks later. GFAP,
NOS-2, or OPA1 protein expression and distribution were
assessed by Western blot analysis and immunohistochemistry.
OPA1 mRNA was measured by qPCR.

RESULTS. OPA1 mRNA and protein expression were signifi-
cantly increased in the vehicle-treated hypertensive rat retina.
Aminoguanidine treatment significantly reduced expression of
the 90- and 65-kDa OPA1 isoforms but did not significantly
change the 80-kDa OPA1 isoform in hypertensive retina. In
addition, the increases in NOS-2 and GFAP protein expression
were blocked by aminoguanidine treatment in the hyperten-
sive retina. NOS-2 immunoreactivity was induced in cells of the
ganglion cell layer in the vehicle-treated hypertensive retina.
Aminoguanidine treatment significantly increased RGC survival
at 2 weeks after IOP elevation.

CONCLUSIONS. Although NOS-2/NO induction may contribute to
hypertensive retinal cell death, an increase in mitochondrial
OPA1 may provide an important cellular defense mechanism
against pressure-mediated retinal damage. These findings sug-
gest that mitochondrial preservation after inhibition of NOS-2
may be useful for protecting RGCs against glaucomatous

damage. (Invest Ophthalmol Vis Sci. 2011;52:2468–2476)
DOI:10.1167/iovs.10-5873

Glaucoma is a leading cause of irreversible blindness. Ele-
vated intraocular pressure (IOP) is a major, and perhaps

the most significant, risk factor for glaucomatous optic nerve
(ON) damage and retinal ganglion cell (RGC) loss.1 Emerging
evidence indicates pressure-related mitochondrial dysfunction
and axonal degeneration in RGCs of the glaucomatous ON or
retina.2,3 However, the precise mechanisms underlying these
are poorly understood.

Growing evidence indicates that the free radical nitric oxide
(NO) plays a role in mitochondrial fission-mediated mitochondrial
dysfunction in the central nervous system by triggering mitochon-
drial fission, synaptic loss, and neuronal cell death.4–7 The induc-
ible, calcium-independent isoform of NO synthase, termed iNOS
or NOS-2, is expressed in cells of various origins (e.g., macro-
phages, microglia cells, and reactive astrocytes) when these
cells are activated. NO neurotoxicity mediated by NOS-2 con-
tributes to RGC damage in experimental rat models of glau-
coma.8,9 In contrast to these reports, recent studies argued that
NOS-2 is not associated with glaucomatous neurodegeneration
in the retina, ON of the glaucomatous DBA/2J mouse, or
hypertonic saline-induced glaucomatous rat model.10,11 Never-
theless, the pathophysiological relationship between NO-me-
diated mitochondrial dysfunction and RGC damage in glau-
coma remains unknown. In this regard, it has been suggested
that OPA1, the human ortholog of Mgm1p/Msp1p, may play an
important role in mitochondrial dysfunction-mediated glauco-
matous RGC degeneration.

OPA1 is required for mitochondria fusion, and increased
OPA1 expression protects cells from apoptosis by preventing
cytochrome c release and by stabilizing the shape of mitochon-
drial cristae.12,13 Recent studies indicated that OPA1 is ex-
pressed in the soma and axons of the RGCs and in horizontal
cells in the normal mouse and rat retina.3,14 Further, elevated
IOP alters OPA1 expression and triggers the release of OPA1
and cytochrome c in the retina or ON of the glaucomatous
mouse model.2,3 Moreover, the relationship between NO in-
duction and OPA1 expression is unknown.

The present study was undertaken to investigate whether
protection from NO toxicity caused by increased NOS-2 alters
mitochondrial OPA1 expression and increases RGC survival in
the experimental hypertensive retina.

MATERIALS AND METHODS

Animals

All procedures concerning animals were performed in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and under protocols approved by institutional IACUC
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committees at the University of California-San Diego. Female Sprague-
Dawley rats (250–300 g in weight; Harlan Laboratories, Indianapolis,
IN) were housed in covered cages, fed with a standard rodent diet ad
libitum, and kept on a12-hour light/12-hour dark cycle.

Experimental Glaucoma

Elevated intraocular pressure (IOP) was induced by translimbal laser
photocoagulation of the trabecular meshwork.15,16 Animals were anes-
thetized with a mixture of ketamine (50 mg/kg, Ketaset; Fort Dodge
Animal Health, Fort Dodge, IA) and xylazine (5 mg/kg, TranquiVed;

Vedeco, Inc., St. Joseph, MO) by intraperitoneal (IP) injection. Rat eyes
were also treated with 1% proparacaine drops. Laser treatment
(532-nm diode laser, 320 mW power, 0.4-seconds duration, 50-mm
diameter spot size) was delivered to the right eye of each rat. Approx-
imately 45 to 55 trabecular burns were evenly distributed around the
limbus. The treatment was repeated after 1 week for all rats except
those killed at 1, 3, and 7 days. IOP was measured in each eye under
anesthesia with a hand-held tonometer (TonoLab; Tiolat Oy, Helsinki,
Finland). Readings were taken just before treatment and 1, 3, and 7
days after each treatment. Mean or peak IOPs were calculated. Rats

TABLE 1. IOP Exposure in the Experimental Glaucoma and Contralateral Control Eyes

Treatment Group (n)

Mean IOP (mm Hg) Peak IOP (mm Hg)

Hypertensive Control Hypertensive Control

1-day saline (n � 8) 36.7 � 3.1* 10.1 � 0.5 36.7 � 3.1 10.1 � 0.5
3-day saline (n � 15) 32.3 � 5.5* 10.2 � 1.8 37.3 � 2.0 11.4 � 1.5
3-day AG (n � 15) 31.8 � 6.1* 10.3 � 1.6 37.4 � 2.1 11.2 � 1.4
7-day saline (n � 8) 25.9 � 9.5* 9.9 � 1.9 36.8 � 2.0 11.4 � 1.4
2-week saline (n � 6) 26.8 � 8.8* 11.0 � 2.1 35.9 � 2.7 10.8 � 1.1
2-week AG (n � 6) 26.2 � 9.4* 10.5 � 1.8 36.8 � 2.4 11.0 � 1.8

Mean IOP is the average IOP after induction of experimental glaucoma. Peak IOP is the IOP of the
experimental and control eyes on the day on which the IOP was most elevated after laser treatment.

* P � 0.01 compared with contralateral control eyes.

FIGURE 1. RGC survival in the hy-
pertensive rat retina after aminogua-
nidine treatment. Retinal flatmounts
of normal rat (A, B), vehicle-treated
hypertensive rat (C, D), and amin-
oguanidine-treated hypertensive rat
(E, F) at 2 weeks after IOP elevation.
*P � 0.01 compared with the normal
retina. **P � 0.05 compared with the
vehicle-treated hypertensive retina.
n � 6 retinal flatmounts/rats/group.
Veh, vehicle; AG, aminoguanidine.
Scale bar, 50 �m.
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were killed at 1, 3, and 7 days or 2 weeks after the first laser treatment.
At 1 day after surgery, slit lamp ophthalmoscopy was used to examine
the rat eyes. If anterior chamber inflammation was observed, usually
because of the overly elevated IOP, the rat was discarded from further
experiment.

Pharmacologic Treatment

Two groups of rats were studied after translimbal laser photocoagula-
tion: one group was treated with vehicle (0.9% saline, IP injection, n �
37 rats/group), and the other group was treated with aminoguanidine
(100 mg/kg in saline, IP injection, n � 21 rats/group) given immedi-
ately after and then 1 and 2 days after each laser treatment. The dose
and delivery route for aminoguanidine was modified based on previous
reports for aminoguanidine treatment.17,18

Tissue Preparations

Light-adapted rats were anesthetized with IP injection of a mixture of
ketamine/xylazine, as described, and then rats were killed by CO2

inhalation. The rats were perfused transcardially with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer saline
(PBS, pH 7.4). Both eyes were enucleated and postfixed in 4% para-
formaldehyde in 0.1 M PBS for 4 hours at 4°C. Retinas were dehydrated
through graded ethanols and then embedded in polyester wax, as
described previously.2 For Western blot analyses, both eyes were
enucleated immediately after kill. Whole retinas were used immedi-
ately or stored at �80°C until use.

Retrograde Labeling of RGCs

Four days before the first laser treatment, fluorochrome (FluoroGold
4% diluted in saline; Fluorochrome Inc., Denver, CO) was microin-
jected bilaterally into the superior colliculi of anesthetized rats (2.4
�L/injection) immobilized in a stereotactic apparatus, as previously
described.14 Images were captured with a spinning-disc confocal mi-
croscope (Olympus America Inc., Center Valley, PA) equipped with a
high-precision, closed-loop x-y stage and closed loop z control with
commercial mosaic acquisition software (MicroBrightField; MBF Bio-
science, Inc., Williston, VT).19,20 The microscope was equipped with a
high-resolution, high-sensitivity CCD camera for high-speed mosaic
acquisition. Images were stored on a computer (Photoshop files;
Adobe Systems Inc., San Jose, CA). RGC counting was conducted in the
central/middle retina at a distance of 1000 to 2000 �m from the optic
disc and in the peripheral retina (3000–4000 �m from the optic disc)
by two investigators in a masked fashion, and the counts were aver-
aged. A counting frame (0.344 mm2) was placed in 16 distinct areas
(two areas at center/middle and two areas at periphery in each retinal
quadrant). Care was taken to avoid counting microglia according to
different morphologic appearances.

Western Blot Analysis

Retinas (n � 4 per group) were homogenized in a glass tissue grinder
(Teflon Potter homogenizer in lysis buffer [20 mM Hepes, pH 7.5, 10
mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5%
CHAPS, complete protease inhibitors]; Roche Biochemicals, Indianap-

FIGURE 2. GFAP expression in the
hypertensive rat retina. (A, B) The
GFAP protein showed a major band
at 50 kDa in the normal rat retina.
GFAP expression was significantly in-
creased in the vehicle-treated hyper-
tensive retina at 1 day after surgery,
peaked by 3 days, and decreased at 7
days. (C–F) When the primary anti-
body for GFAP was omitted, there
was limited nonspecific labeling at
the OPL by the secondary antibody
in the retina of the normal rat (C).
Compared with the normal rat retina
(D), GFAP immunoreactivity was in-
duced in the Müller cells of the vehi-
cle-treated hypertensive retina (E).
Aminoguanidine treatment decreased
GFAP immunoreactivity in Müller cells
of the hypertensive retina (F). (G, H)
Aminoguanidine treatment signifi-
cantly decreased GFAP protein ex-
pression in the hypertensive retina at 3
days after IOP elevation. *P � 0.05
compared with normal rats. **P � 0.01
compared with vehicle-treated hyper-
tensive retinas. N, normal; Veh, vehi-
cle; AG, aminoguanidine; ONL, outer
nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, in-
ner plexiform layer. Scale bar, 20 �m.
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olis, IN). Each sample (10 �g) was separated by PAGE and electrotrans-
ferred to polyvinylidene difluoride membranes. The membrane was
blocked with 5% nonfat dry milk and 0.05% in Tween-20 in phosphate-
buffered saline (PBS), incubated with monoclonal mouse anti-glial
fibrillary acidic protein (GFAP) antibody (1:3000; Sigma, St. Louis, MO),
monoclonal mouse anti-inducible NOS (NOS-2) antibody (1:2000; BD
Transduction Laboratories, San Diego, CA), polyclonal rabbit anti-brain
NOS (NOS-1) antibody (1:5000; Sigma), monoclonal mouse anti-OPA1
antibody (H-300/1:2000; BD Transduction Laboratories), or monoclo-
nal mouse anti-actin antibody (Ab-1/1:5000; Calbiochem, La Jolla, CA),
rinsed with 0.05% Tween-20 in PBS, incubated with peroxidase-conju-
gated goat anti-mouse IgG or goat anti-rabbit IgG (1:2000; Bio-Rad,
Hercules, CA), and developed using chemiluminescence detection
(ECL Plus; GE Healthcare Bio-Sciences, Piscataway, NJ). Images were
analyzed by digital fluorescence imager (Storm 860; GE Healthcare
Bio-Sciences), and band densities were normalized with actin used as
a calibrator (ImageQuant TL; GE Healthcare Bio-Sciences).

Immunohistochemical Analysis

Immunohistochemical staining of 7-�m wax sections of full-thickness
retina was performed with an immunofluorescence method, as previ-
ously described.2 Five sections per wax block from each group (n � 4
retinas/group) were used for immunohistochemical analysis. The pri-
mary antibodies were monoclonal mouse anti-GFAP antibody (1:200;
Sigma), monoclonal mouse anti-iNOS antibody (1:100; BD Transduc-

tion Laboratories), or polyclonal rabbit anti-mouse OPA1 antibody
(1:1000, a gift of Takumi Misaka [University of Tokyo, Tokyo, Japan]
and Yoshihiro Kubo [National Institute for Physiological Sciences,
Aichi, Japan]). To prevent nonspecific background, tissues were incu-
bated with 1% bovine serum albumin (BSA)/PBS for 1 hour at room
temperature and then with the primary antibodies against NOS-2,
GFAP, or OPA1 for 16 hours at 4°C. After several wash steps, the tissue
was incubated with the secondary antibody, AlexaFluor 488 dye-con-
jugated goat anti-mouse IgG, or goat anti-rabbit IgG (1:100; Invitrogen-
Molecular Probes, Eugene, OR) for 4 hours at 4°C and then washed
with PBS.

To enhance OPA1 immunoreactivity, immunohistochemistry was
performed (Tyramide Signal Amplification Kit; Molecular Probes, Eu-
gene, OR). Tissue sections were permeabilized with 0.1% Triton X-100
in PBS, incubated with quenching buffer (amplification buffer and
0.0015% H2O2) for 1 hour at room temperature, blocked with 1%
BSA/PBS, and then incubated with antibody against OPA1 for 16 hours
at 4°C. After several washings, tissues were incubated with peroxidase-
conjugated goat anti-rabbit IgG for 4 hours at 4°C, washed, and incu-
bated with tyramide working solution for 10 minutes at room temper-
ature. The sections were counterstained with the nucleic acid stain
Hoechst 33342 (1 �g/mL; Invitrogen-Molecular Probes) in PBS. Images
were captured by fluorescence microscopy (Eclipse E800; Nikon
Instruments Inc., Melville, NY) equipped with a digital camera
(Spot; Diagnostic Instrument, Sterling Heights, MI). Image expo-

FIGURE 3. Differential expression of
NOS-1 and NOS-2 in the hypertensive
rat retina. (A, B) NOS-1 and NOS-2
proteins showed a major band at 130
kDa and 150 kDa in the rat retina.
Elevated IOP significantly increased
NOS-2 protein expression in retina at
1 day after surgery, peaked by 3 days,
and decreased at 7 days. No signifi-
cant difference was observed for
NOS-1 expression in the hyperten-
sive retina. (C–F) When the primary
antibody for NOS-2 was omitted,
there was limited nonspecific label-
ing between OPL and IPL by the sec-
ondary antibody in the retina of the
normal rat (C). Compared with the
normal rat retina (D), NOS-2 immu-
noreactivity was induced in the GCL
of the vehicle-treated hypertensive
retina (E). Aminoguanidine treat-
ment decreased NOS-2 immunoreac-
tivity in these layers of hypertensive
retina (F). (G, H) Aminoguanidine
treatment significantly decreased
NOS-2 protein expression in hyper-
tensive retinas at 3 days after IOP
elevation. *P � 0.05 compared with
normal rats. **P � 0.01 compared
with vehicle-treated hypertensive
retinas. N, normal; Veh, vehicle; AG,
aminoguanidine; ONL, outer nuclear
layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner
plexiform layer. Scale bar, 20 �m.
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sures were the same for all tissue sections and were acquired with
commercial software (Simple PCI version 6.0; Compix Inc., Cran-
berry Township, PA).

For retinal flat mount immunohistochemistry (n � 3 retinas/
group), the primary antibody for NOS-2 (1:500; BD Transduction Lab-
oratories) was incubated for 3 days at 4°C. After several wash steps,
retinal flat mounts were incubated with the secondary antibody, Alex-
aFluor 488 dye-conjugated goat anti-mouse IgG (1:100; Invitrogen-
Molecular Probes), for 4 hours at 4°C and then washed with PBS.

Quantitative PCR

Total RNA from retinal tissues (n � 4 retinas/group) was extracted
with Trizol (Invitrogen, Carlsbad, CA), purified on RNeasy mini col-
umns (Qiagen, Valencia, CA), and treated with RNase-free DNase I
(Qiagen). RNA purity was verified by confirming that the OD260
nm/280 nm absorption ratio exceeded 1.9. cDNA was synthesized
using a first-strand RT-PCR kit (SuperScript II; Invitrogen). OPA1 gene
expression was measured by qPCR (MX3000P; Stratagene, La Jolla, CA)
using 25 ng cDNA from retinas and 2� universal PCR master mix
(Applied Biosystems, Foster City, CA) with a one-step program (95°C
for 10 minutes, 95°C for 30 seconds, and 60°C for 1 minute for 50

cycles). Primers for OPA1 and GAPDH, as well as probe (TaqMan) for
GAPDH, were designed with sequence detection software (Primer
Express 2.0; Applied Biosystems) obtained from Biosearch Technolo-
gies (Novato, CA). The probe for OPA1 was obtained from the Roche
Universal Probe Library (Roche Diagnostics, Mannheim, Germany),
and the optimal concentrations for probe and primers were deter-
mined using heart tissue. Standard curves were constructed using nine
twofold dilutions (50–0.195 ng) for both the target (OPA1) and the
endogenous reference (GAPDH). Samples were run in duplicate for
each target and endogenous GAPDH control.

Statistical Analysis
Data are expressed as mean � SD. One-way analysis of variance and
the Bonferroni t-test were used to evaluate study results. P � 0.05 was
considered statistically significant.

RESULTS

IOP Exposure
All laser-treated eyes had significantly elevated IOP compared
with their contralateral control eyes (Table 1). There was no

FIGURE 4. NOS-2 immunoreactivity
in fluorochrome-prelabeled RGCs of
the hypertensive rat retina. NOS-2
immunoreactivity (A, green) was
present in the vessels but not cola-
beled by fluorochrome (B, red) in
the normal rat retina and merged im-
age (C). Neurons containing NOS-2
immunoreactivity (D, G, green) were
colabeled by fluorochrome (E, H,
red, arrowheads) in the vehicle-
treated hypertensive retina at 3 days
after surgery and merged images (F).
(G, H) NOS-2 immunoreactivity was
also present in GCL cells negative for
fluorochrome (arrows). (I–K) Amino-
guanidine treatment decreased NOS-2
immunoreactivity in the GCL of the
hypertensive retina. INL, inner nuclear
layer; IPL, inner plexiform layer. Scale
bars, 20 �m.
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significant difference in mean or peak IOP between vehicle-
and aminoguanidine-treated groups (P � 0.05).

Effect of NOS-2 Inhibition on RGC Survival and
Müller Glial Activation

As shown in Figure 1, the normal rat retina has an average
density of 2140 RGCs/mm2 in the central and middle and 1506
RGCs/mm2 in the peripheral areas (n � 6 retinas; Figs. 1A, 1B,
1G). Compared with the contralateral control eyes, the vehicle-
treated hypertensive retina had a 26% RGC loss in the central
and middle retina and a 28% loss in the peripheral retina 2
weeks after IOP elevation (n � 6 retinas, P � 0.01; Figs. 1C,
1D, 1G). Aminoguanidine treatment significantly increased
RGC survival by 15% in the central and middle retina and by
17% in the peripheral retina compared with the vehicle-treated
hypertensive retina (n � 6, P � 0.05; Figs. 1E, 1F, 1G).

After IOP elevation, GFAP protein expression was signifi-
cantly increased at 1 day, peaked by 3 days, and decreased at 7
days in vehicle-treated hypertensive retinas (Fig. 2A). Amino-
guanidine treatment decreased GFAP protein expression by
0.51 � 0.07-fold in hypertensive retinas at 3 days (P � 0.01;
Fig. 2B). Compared with the normal rat retina (Fig. 2D), GFAP
immunoreactivity was increased in the Müller cells of the
hypertensive retina (Fig. 2E). Aminoguanidine treatment de-
creased GFAP immunoreactivity in Müller cells of hypertensive
retina at 3 days (Fig. 2F). In addition, Western blot analysis
showed that aminoguanidine treatment significantly decreased
GFAP protein expression in the hypertensive retina (P � 0.01;
Figs. 2G, 2H).

NOS-2 Induction in Hypertensive RGCs

After IOP elevation, retinal NOS-2 was significantly increased at
1 day, peaked by 3 days, and decreased at 7 days (Figs. 3A, 3B).

There was no significant change of NOS-1 expression in the
hypertensive retina (Figs. 3A, 3B). Compared with the normal
rat retina (Fig. 3D), NOS-2 immunoreactivity was greater in the
ganglion cell layer (GCL) of the vehicle-treated hypertensive
retina (Fig. 3E). Aminoguanidine treatment blocked this NOS-2
induction in the hypertensive retina (Fig. 3F). In addition,
Western blot analysis showed that aminoguanidine treatment
decreased NOS-2 protein expression by 0.50 � 0.05-fold in
hypertensive retinas at 3 days (P � 0.01; Figs. 3G, 3H).

When these experiments were repeated in rats in which
RGCs had been prelabeled by fluorochrome, approximately
89% of the labeled RGCs were immunoreactive for NOS-2 at 3
days after IOP elevation. Compared with the normal rat retina
(Figs. 4A–C), NOS-2 was induced in the RGCs of the hyperten-
sive retina (Figs. 4D–F). In addition, immunoreactivity for
NOS-2 was also present in cells of the GCL that were negative
for fluorochrome (Figs. 4G, 4H). Aminoguanidine treatment
decreased NOS-2 immunoreactivity in the GCL of the hyper-
tensive retina (Figs. 4I–K). Consistently, NOS-2 protein expres-
sion by a single injection of aminoguanidine was higher than
triple injections of aminoguanidine in the hypertensive retina
(Supplementary Fig. S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.10-5873/-/DCSupplemental). However, no
protection of RGCs was observed when aminoguanidine was
delivered every day for the entire 2-week study (data not
shown).

NOS-2 Inhibition-Mediated OPA1 Restoration

The OPA1 antibody recognized three major OPA1 isoforms in
the total protein extracts of the retina in normal rats (90 kDa,
L; 80 kDa, S1; �75 kDa, S2; Fig. 5). Quantitative PCR analysis
showed that OPA1 mRNA expression was increased by 52% in
the vehicle-treated hypertensive retina at 3 days compared

FIGURE 5. OPA1 protein expression
in the hypertensive rat retina. The
OPA1 protein bands showed three
major isoforms (90 kDa, L; 80 kDa,
S1; and �75 kDa, S2) in the normal
rat retina. After IOP elevation, iso-
forms (L and S2) of OPA1 protein
expression were increased in the ret-
ina at 1 day, peaked by 3 days, and
decreased at 7 days. *P � 0.05 com-
pared with normal rats.
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with the retinas of normal rats (P � 0.01). Aminoguanidine
treatment did not show a significant change in OPA1 mRNA
expression by 14% at 3 days compared with the vehicle-treated
hypertensive retina (Fig. 6A). After IOP elevation, isoforms S2
of OPA1 protein were increased at 1 day, peaked by 3 days, and
decreased at 7 days in the hypertensive retina (P � 0.05);
isoforms L of OPA1 protein were also increased at 3 days (P �
0.05), but no significant change was observed for isoform S1 in
the hypertensive retina. In addition, aminoguanidine treatment
significantly decreased two isoforms (L and S2) of total OPA1
protein expression in the hypertensive retina at 3 days
(0.67 � 0.08-fold, L; 0.51 � 0.05-fold, S2; P � 0.05, Fig. 6B).
Compared with the normal rat retina (Fig. 6D), OPA1 immu-
noreactivity was increased in the GCL of vehicle-treated hyper-
tensive retina (Fig. 6E). Aminoguanidine treatment blocked this
increase of OPA1 immunoreactivity (Fig. 6F).

DISCUSSION

These results demonstrate that OPA1 gene and protein expres-
sion in the rat retina are increased in response to pressure.
Further, pressure triggers NOS-2 induction in the RGCs of the
hypertensive retina. Aminoguanidine, a selective NOS-2 inhib-
itor, protects against RGC loss and restores normal OPA1 ex-
pression in the hypertensive rat retina induced by laser photo-
coagulation.

There is growing evidence that NO neurotoxicity is linked
to mitochondrial dysfunction-mediated neuronal cell death in
neurodegenerative diseases, including Alzheimer’s and Parkin-
son’s diseases.5–7,21,22 Although excessive NO has been re-
ported to induce neuronal cell damage in the ischemic or
hypertensive retina,8,23–28 the relationships among elevated
IOP, NO toxicity, and mitochondrial dysfunction in glaucoma
remain unknown. In the present study, we provide the first in
vivo evidence that elevated IOP induces NOS-2 protein expres-
sion in RGCs and, possibly, displaced amacrine cells in early
neurodegenerative events (within 3 days) in the hypertensive
rat retina. In addition, inhibition of NOS-2 by aminoguanidine
significantly increases RGC survival. Taken together, it is pos-
sible that NO neurotoxicity induced by NOS-2 may exacerbate
pressure-mediated damage by autocrine or paracrine injury of
RGC mitochondria.

In addition to protecting RGCs, we found that aminoguani-
dine treatment significantly reduced the activation of Müller
cells in the hypertensive retina. Astroglia or Müller cell activa-
tion coincides with RGC degeneration in the hypertensive
retina of the human, rat, or mouse.29–33 Although NOS-2 ex-
pression in Müller cells has been reported in retinal degener-
ation after several insults,34–39 NOS-2 expression in Müller
cells was not found in the hypertensive retina. Hence, the
present results suggest that aminoguanidine treatment may
indirectly reduce the activation of Müller cells as a result of
increased RGC survival. On the other hand, aminoguanidine is

FIGURE 6. OPA1 gene and protein
expression in the hypertensive rat
retina. (A) OPA1 mRNA expression
was significantly increased by 52% in
the vehicle-treated hypertensive ret-
ina compared with normal rat reti-
nas. Aminoguanidine treatment did
not show a significant change in
OPA1 mRNA expression by 14%
compared with the vehicle-treated
hypertensive retina. (B) Two iso-
forms of total OPA1 protein expres-
sion were significantly decreased in
the aminoguanidine-treated hyper-
tensive retina. (C–F) When the pri-
mary antibody for NOS-2 was omit-
ted, there was limited nonspecific
labeling between OPL and IPL by the
secondary antibody in the retina of
the normal rat (C). OPA1 immunore-
activity was localized in the GCL, IPL,
INL, and OPL in the normal rat retina
(D). OPA1 immunoreactivity was in-
creased in the GCL of the vehicle-
treated hypertensive retina (E).
These increases were blocked by
aminoguanidine treatment (F). *P �
0.01 compared with normal rats.
**P � 0.05 compared with vehicle-
treated hypertensive retinas. N, nor-
mal; Veh, vehicle; AG, aminoguani-
dine; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nu-
clear layer; IPL, inner plexiform
layer. Scale bar, 20 �m.
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also an inhibitor of advanced glycation end product (AGE). In
light of evidence for the potential involvement of AGE in
glaucoma,40 the mechanism of the protective effect of amino-
guanidine in the hypertensive rat retina should be further
explored.

It is possible that baseline levels of NO provided by normal
amounts of NOS is beneficial for RGCs, whereas excess NO
from elevated NOS-2 is stressful for RGCs. After laser treatment,
NOS-2 expression peaked at 3 days in the hypertensive rat
retina. Aminoguanidine treatment for 3 days immediately after
each laser surgery provided significant RGC protection com-
pared with the vehicle-treated hypertensive rat retina at the
end of the 2-week study. However, no protection of RGCs was
observed when aminoguanidine was delivered every day for
the entire 2-week study (data not shown). This suggests that
effective management with aminoguanidine may be time-de-
pendent in our ocular hypertensive rat model. Thus, our results
raise the possibility that a time-dependent design for amino-
guanidine treatment may be an important strategy for RGC
protection against glaucomatous damage.

In the present study, OPA1 protein expression was signifi-
cantly increased in the vehicle-treated hypertensive rat retina
at 3 days, and aminoguanidine treatment reduced the magni-
tude of increased OPA1 protein expression. Overexpression of
retinal OPA1 after injection of an adenoassociated virus sero-
type 2 construct containing wild-type mouse OPA1 increased
RGC survival in glaucomatous DBA/2J mice,41 and increased
OPA1 protects cells against apoptotic cell death.12,13,41 To-
gether, although there is no direct evidence, the difference
between these findings reflects the possibility that increased
OPA1 expression may be a cellular compensatory response
that may protect retinal cells against hypertensive injury in our
model. In addition, it is possible that aminoguanidine may
indirectly regulate an upstream signaling event that leads to the
modulation of OPA1 protein expression in the hypertensive rat
retina. Thus, further insight into the functional mechanism of
OPA1 protein may be obtained by studying the overexpression
of OPA1 in the hypertensive rat retina. Nevertheless, our find-
ings suggest that increased OPA1 expression may be an impor-
tant cellular defense mechanism against NO toxicity in early
hypertensive retinal damage and support the view that OPA1
may protect against pressure-induced mitochondrial damage in
the hypertensive retina.

In summary, our findings demonstrate that elevated IOP can
trigger NOS-2 induction, and increased OPA1 expression may
provide a cellular defense mechanism for RGC survival against
the early hypertensive retinal degeneration. The biochemical
relationship between NO induction and increased OPA1 ex-
pression in hypertensive RGCs remains unknown. Hence, the
present results justify further studies to explain this relation-
ship and to clarify how limiting deleterious effects of excessive
local NO production could protect RGC mitochondria in glau-
coma.
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