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We have previously shown a causal role of peroxynitrite
in mediating retinal ganglion cell (RGC) death in dia-
betic and neurotoxicity models. In the present study,
the role of peroxynitrite in altering the antioxidant and
antiapoptotic thioredoxin (Trx) system will be investi-
gated as well as the subsequent effects on glial activation
and capillary degeneration. Excitotoxicity of the retina
was induced by intravitreal injection of N-methyl-D-
aspartate (NMDA) in rats, which also received the per-
oxynitrite decomposition catalyst FeTPPs. RGC loss was
assessed by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling and GC count. Glial
activation and nitrotyrosine were assessed by immuno-
histochemistry. Acellular capillaries and pericytes were
counted in retinal trypsin digest. NMDA-induced per-
oxynitrite formation caused RGC loss, which was asso-
ciated with enhanced expression of Trx and its endog-
enous inhibitor thioredoxin interacting protein. The
results also showed enhanced thioredoxin interacting
protein/Trx binding and disruption of the Trx/apopto-
sis signal-regulating kinase 1 “inhibitory complex,”
leading to release of apoptosis signal-regulating kinase 1
and activation of the apoptotic pathway, as evidenced
by p38 MAPK and poly-ADP-ribose polymerase activa-
tion. Furthermore, NMDA caused glial activation and
compromised retinal vasculature, as indicated by acel-
lular-capillary formation and pericyte loss. Treatment
with FeTPPs blocked these effects. In conclusion,

NMDA-induced retinal neuro/vascular injury is medi-
ated by peroxynitrite-altered Trx antioxidant defense,
which in turn activates the apoptosis signal-regulating
kinase-1 apoptotic pathway. In addition to acute RGC
death, an NMDA model can be a useful tool to study
glial activation and capillary degeneration in retinal
neurodegenerative disorders, including diabetic reti-
nopathy. (Am J Pathol 2010, 177:1187–1197; DOI:

10.2353/ajpath.2010.091289)

Retinal ganglion cell (RGC) death plays a critical role in
the pathogenesis of many retinal neurodegenerative dis-
orders, including glaucoma, diabetic retinopathy, trau-
matic optic neuropathy, uveitis, and retinal ischemia.1–5

Understanding the molecular mechanism of neuronal cell
death in such retinal diseases is of great clinical impor-
tant for devising new treatments. In response to traumatic
or ischemic injury, excessive activation of glutamate re-
ceptors has been implicated in the RGC death process.6

Therefore, administration of N-methyl-D-aspartate (NMDA)
to rodent eyes is a reliable model to study RGC death.
Excessive NMDA receptor stimulation leads to excessive
Ca2� influx,7 which in turn triggers formation of nitric oxide8

and accumulation of superoxides and their combination
product peroxynitrite, causing lipid peroxidation, DNA dam-
age and the eventual cell death.9 Although increases in
reactive oxygen species (ROS) and peroxynitrite have been
implicated in mediating RGC death,1,6 the molecular mech-
anisms by which peroxynitrite causes RGC death are not
fully elucidated.

Protection from ROS is mediated by superoxide dis-
mutase, glutathione, and thioredoxin (Trx) systems.10,11
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The Trx system is a ubiquitous thiol-reducing system that
includes thioredoxin (12 kDa), thioredoxin-interacting
protein (TXNIP), homodimeric seleno-protein thioredoxin
reductase, and NADPH.12 Trx is not only an antioxidant,
but it can also regulate cell survival by binding and
inhibiting the activity of apoptosis signal-regulating ki-
nase 1 (ASK-1), a recently identified member of MAP
kinase kinase kinase (MAPKKK) family.13 While the activ-
ity and expression of thioredoxin is regulated by TXNIP,
also known as vitamin-D3 up-regulated protein-1, the
expression of TXNIP is directly regulated by Ca2� in-
flux.14 In addition to modulation of cellular redox state,
TXNIP plays a critical role in stress-induced cellular ap-
optosis as it binds reduced Trx and inhibits its activity.
Thus, under stress conditions, Trx can dissociate from
ASK-1 and gain a kinase activity to activate JNK and p38
MAPK signaling pathway leading to apoptosis.13,15 How-
ever, the expression of TXNIP and its interaction with
Trx-ASK-1 complex to mediate RGC death in the NMDA
model remains unknown.

The activation of glial cells, demonstrated by increased
glial fibrillary acidic protein staining, has been well docu-
mented in response to neuronal injury including NMDA
model.16,17 Additional studies showed that NMDA in-
creased the expression of proinflammatory cytokines, en-
dothelial adhesion molecules, and leukocyte recruitment.18

However, There is a gap in our knowledge about the vas-
cular changes that might follow the neuronal damage in
models of optic neuropathy. The research has been fo-
cused on the neuronal aspect of optic neuropathy but not
on the long term vascular changes. Therefore, this study
aims to examine the long-term effects on the vasculature
after neuronal cell death and glial activation in the NMDA-
injected rat model. Furthermore, the role of peroxynitrite in
altering the interaction between Trx, TXNIP and ASK-1 lead-
ing to apoptosis will be explored using the specific per-
oxynitrite decomposition catalyst (FeTPPs).

Materials and Methods

Animals

All procedures with animals were performed in accordance
with the ARVO Statement for the Use of Animals in Ophthal-
mic and Vision Research and the Charlie Norwood VA
Medical Center Animal Care and Use Committee. Four sets
of animals were prepared for a total of 60 male Sprague
Dawley rats (�250 g body weight) that were divided into
four groups: one group received a single intravitreal injec-
tion of NMDA (40 nmol, Sigma, St. Louis, MO), the second
group received a single intravitreal injection of both NMDA
(40 nmol) and 5,10,15,20-tetrakis(4-sulfonatophenyl) por-
phyrinato iron (III) (FeTPPs, 100 �g/eye, Calbiochem, CA),
the third group was intravitreally injected with N-methyl-L-
aspartate (NMLA, 40 nmol, Sigma) and served as a control
group, and the last group was intravitreally injected with
both NMLA (40 nmol) and FeTPPs (100 �g/eye) to serve as
treated control group. The dose of NMDA was selected
based on a previous study19 and the dose of FeTPPs was
selected based on our previous study1 similar to the dose of

NOS inhibitor. Treatment with NMDA or FeTPPs did not alter
rats’ body weight during 1 week of treatment (data not shown).

Intravitreal Injection

Intravitreal injection of NMDA was performed as previ-
ously described by our group1 with minor modification.
Shortly, animals were deeply anesthetized by intraperito-
neal injection of pentobarbital (35 mg/kg). Before intrav-
itreal injection, pupil dilator (atropine) and ophthalmic
topical anesthetic (Marcaine) were applied topically on
rat eyes. Rats received a single intravitreal injection of
one of the treatment solutions using 30-gauge needles
mounted to 10-�l Hamilton syringes. The volume of intra-
vitreal injections was set at 4 �l, a volume that does not
cause eye damage as described before by our group.1

To ensure the proper delivery and even distribution of the
intravitreally injected compounds, all solutions for intrav-
itreal injection contained 5 �g/ml of Fast Green FCF
(Sigma). Neomycin/polymyxin-B/Bacitracin ophthalmic
ointment was applied to the injected eyes and animals
were allowed to recover. Rats were sacrificed after 1 day
(short term) or 7 days (long term) of injection and the eyes
were enucleated and processed for further analyses.

Evaluation of Neuronal Cell Death in Rat Retina

Terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) was performed using the ApopTAG in
situ apoptosis detection kit fluorescein (Millipore, CA), following
the manufacturer’s directions. Briefly, OCT-frozen eye sections
(10 �m) from each group were fixed using paraformaldehyde
and ethanol:acetic acid (2:1). Then, the samples were incu-
bated with terminal deoxynucleotidyl transferase enzyme fol-
lowed by incubation with anti-digoxigenin conjugate. Pro-
pidium iodide, 1 �g/ml, was added as a nuclear counterstain.
On completion of the TUNEL assay, cover slips were applied
using Vectashield mounting medium for fluorescence (Vector
Laboratories). Each section was systematically scanned for
positive green fluorescent cells in retinal layers indicating ap-
optosis. Images were obtained using an AxioObserver.Z1 mi-
croscope (Zeiss, Germany) with 200� magnification. Five to
seven animals were used for each group and the number of
TUNEL positive cells were counted in four fields of different
areas of each retina and calculated as the number/mm2 of
retinal area.

Counting Number of Neuronal Cells in the
Ganglion Cell Layer

OCT frozen retinal sections were stained with hematoxy-
lin and eosin for light microscopy. The nuclei in the gan-
glion cell layer (GCL), not including nuclei in the vessels
were counted in four locations in the retina (both sides of
the optic nerve (posterior) and mid-retina (central) as
described previously.2 Four animals from each group
and two fields for each location were used. The number
of nuclei was calculated per mm2 of retinal area. In addition,
fixed retina sections reacted with monoclonal anti-Brn-3a
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antibody (specific RGC marker, Santa Cruz) followed by
Texas red-conjugated goat anti-mouse antibody (Molecular
Probes, OR). Data were analyzed using AxioObserver.Z1
Microscope (Zeiss, Germany).

Immunohistochemistry

The distribution and quantification of ASK-1 and nitroty-
rosine expression as well as glial cells activation were an-
alyzed in retinal sections. OCT-frozen sections (10 �m) of
eyes were fixed using 2% paraformaldehyde solution in
PBS for 10 minutes. Sections were washed several times
with PBS and were reacted with monoclonal anti- glial fibril-
lary acidic protein (GFAP) antibody (for glial cells activation,
Affinity BioReagents), polyclonal ASK-1 antibody (Santa
Cruz, CA) or polyclonal anti-nitrotyrosine antibody (Calbio-
chem, CA) followed by Texas red-conjugated goat anti-mouse
antibody or Oregon green-conjugated goat anti-rabbit anti-
body (Molecular Probes, OR). Data (three fields/retina, n � 6 in
each group) were analyzed using AxioObserver.Z1 micro-
scope (Zeiss, Germany) and AxioVs 40 V4.7.2.0 software to
quantify the density of immunostaining. Lectin stain for co-
localization of blood vessels with TUNEL-positive cells was
done by incubating fixed retina sections (10 �m) in isolectin
B4 over night followed by Texas red avidin D (Vector, CA) as
described previously by our group.20

Quantitative PCR (qPCR)

Retinal mRNA was prepared according to the manufacturer’s
instructions as described in our recent study.3 The One-
Step qRT-PCR Invitrogen kit was used to amplify 10 ng of
retinal mRNA from each sample. PCR primers were
designed to amplify thioredoxin: 5�-GCCAAAATGGT-
GAAGCTGAT-3� and reverse primer 5�-TGATCATTTTG-
CAAGGTCCA-3�. TXNIP primers 5�-AAGCTGTCCTCAGT-
CAGAGGCAAT-3� and reverse primer 5�-ATGACTTT-
CTTGGAGCCAGGGACA-3�. Amplification of 18S rRNA
was used as an internal control. Quantitative PCR was per-
formed using a Realplex Mastercycler (Eppendorf, Ger-
many). Trx and TXNIP expression was normalized to the
18S level in each sample and expressed as relative expres-
sion to normal controls.

Western Blot Analysis and Immunoprecipitation

Rat retinas were isolated and homogenized in radioimmu-
noprecipitation assay buffer as described previously.1 The
total amount of protein was determined by protein assay
(Bio-Rad, CA). Samples (50 �g protein) were separated by
SDS-PAGE and electroblotted to nitrocellulose membrane,
and the membranes were blocked in Tris-buffered saline,
0.02% Tween 20, containing 5% nonfat milk. Antibodies for
Trx, TXNIP, ASK-1 (Santa Cruz, CA), p-p38, p38 (Cell Sig-
naling, MA) and poly-ADP-ribose polymerase (PARP) (BD
PharMingen) were applied overnight at 4°C. Membranes
were stripped and reprobed with �-actin (Sigma) to confirm
equal loading. The primary antibody was detected using a
horseradish peroxidase-conjugated sheep anti-rabbit anti-
body and enhanced chemiluminescence (GE Health Care).

The films were subsequently scanned and band inten-
sity was quantified using densitometry software (al-
phEaseFC) and expressed as relative optical density
(ROD). For immunoprecipitation, 200 �g of retinal protein
was diluted with radioimmunoprecipitation assay buffer
and incubated with 3 �g of anti-Trx antibody. Samples
were rocked at 4°C overnight followed by 40 �l of aga-
rose beads and rocked at 4°C for 4 hours. Final extract
was boiled, processed and analyzed as described
above. Membrane was probed with antibodies for ASK-1,
TXNIP, or Trx for equal loading.

Isolation of Retinal Vasculature

Retinal vasculatures were isolated as described previ-
ously.2,21 Briefly, freshly enucleated eyes were fixed with
2% paraformaldehyde overnight. Retina cups were dis-
sected, washed in phosphate-buffered saline and then
incubated with 3% crude trypsin in 20 nmol/L Tris buffer,
pH 8, at 37°C for 2 hours. Vitreous and nonvascular cells
were gently removed from the vasculature. The vascula-
ture was soaked in several washes of 5% Triton X-100 to
get rid of neuronal retina. The transparent vasculature
was laid out on slides and used for TUNEL assay and
acellular capillary examination.

Determination of Degenerated (Acellular)
Capillaries and Pericytes

Retinal vasculature sections were stained with periodic ac-
id-Schiff and hematoxylin. Acellular capillaries were quanti-
fied under microscope (400�) in a masked manner. Acel-
lular capillaries were identified as capillary-sized vessel
tubes having no nuclei anywhere along their length. Nuclei
of pericytes were identified as being darker and smaller
than endothelial cell nuclei and lie in the outer aspect of the
capillary wall. Six animals were used for each group and the
number of acellular capillaries and pericytes were counted
in 10 fields of different areas of the mid-retina and calcu-
lated as the number/mm2 of retinal area.

TUNEL Assay of Isolated Vasculature

The retinal vasculature was washed extensively in PBS and
then fixed with 2% paraformaldehyde. The samples were
incubated with terminal deoxynucleotidyl transferase
enzyme followed by incubation with anti-digoxigenin
conjugate. Positively labeled cells were identified in
the whole retinal vasculature under AxioObserver.Z1
fluorescence microscope (Zeiss, Germany) with 400�
magnification.

Statistical Analysis

The results were expressed as mean � SEM. Differences
among experimental groups were evaluated by analysis of
variance and the significance of differences between
groups was assessed by the post hoc test (Fisher’s PLSD)
when indicated. Significance was defined as P � 0.05.
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Results

Decomposing Peroxynitrite-Protected Ganglion
Cells in NMDA-Injected Retinas
To examine the causal role of peroxynitrite in mediating
RGC death, the neuroprotective effect of the specific
peroxynitrite decomposition catalyst, FeTPPs, was deter-
mined in NMDA model after 1 day. Intravitreal injection of
NMDA (40 nmol) induced sever RGC death as indicated

by sevenfold increase of TUNEL-labeled cells (arrows)
mainly in RGC and inner nuclear layer of the rat retina
compared with NMLA controls. Co-treatment with FeTPPs
(100 �g/eye) blocked RGC death in NMDA-injected an-
imals after 1 day (Figure 1, A and D). Neuronal death was
further confirmed, at that time point, by the absence of
TUNEL-labeled cells within blood vessels stained with
lectin (data not shown). In parallel, NMDA-induced neu-
ronal damage was assessed histologically by counting

Figure 1. Decomposing peroxynitrite protected retinal ganglion cells in NMDA-injected retinas. A and D: Representative images and statistical analysis of TUNEL assay
of rat retina after one day of the injection showing significant increase in number of TUNEL positive cells in NMDA-injected rats (n � 5–7, P � 0.05), especially GCL as
compared with NMLA controls or NMDA � FeTPPs. The number of TUNEL positive cells (arrows) were counted in four fields of different areas of each retina and
calculated as the number/mm2 of retinal area (magnification, �200). B: Representative images of rat retina sections stained with antiBrn-3a, specific RGC marker, showing
reduced number of RGC in NMDA-injected retinas as compared with NMLA controls. C and E: Representative images and statistical analysis of rat retina sections stained
with H&E showing a reduction in number of GCL in NMDA-injected rats (magnification, �200) as compared with NMLA controls or NMDA � FeTPPs in central and
posterior retina (n � 4–6, P � 0.05). FeTPPs blocked all these effects in NMDA-injected retinas but did not affect NMLA control. There was a significant difference as
compared with the rest of the groups at *P � 0.05. There was a significant difference as compared with the control groups at **P � 0.05. GCL, ganglion cell layer; ONL, outer
nuclear layer; IPL, inner plexiform layer; INL, inner nuclear layer.
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the number of neuronal cells in the GCL after 1 day of the
injection (Figure 1, C and E). Intravitreal NMDA injections
resulted in loss of 30% of cells in the GCL in the posterior
regions of the retina and 40% of cells in GCL in the central
regions of the retina. In addition, retina sections stained with
Brn-3a, specific RGC marker, showed similar trend of re-
ducing RGC number in NMDA-injected retinas as com-
pared with NMLA control (Figure 1B). Co-treatment with
FeTPPs (100 �g/eye) prevented loss in ganglion cells and
restored their number back to the control levels. Treatment
with FeTPPs did not affect NMLA-injected controls.

FeTPPs Blocked Nitrotyrosine in NMDA-Injected
Retinas

The efficiency of FeTPPs in decomposing peroxynitrite
formation in NMDA-injected animals after 1 day was as-
sessed by nitrotyrosine formation. Immunohistochemistry
of nitrotyrosine, the footprint of peroxynitrite showed 1.8-
fold increases in NMDA-treated animals compared with
NMLA controls. As shown in Figure 2, A and B, nitroty-
rosine was immunolocalized mainly in the inner nuclear
layer and RGC layer. Co-treatment with FeTPPs blocked
nitrotyrosine formation in NMDA-injected animals but did
not alter control NMLA-injected animals.

FeTPPs Reduced TXNIP but Not Trx Expression
in NMDA-Injected Retinas

The expression of TXNIP, an endogenous Trx inhibitor,
can be induced by oxidative stress. Real-time PCR anal-

ysis showed threefold increase in mRNA levels of both
TXNIP and Trx in NMDA-injected rat retinas after 1 day of
the injection compared with NMLA controls. Co-treatment
with FeTPPs reduced TXNIP mRNA levels to 1.5-fold but
did not affect Trx level (Figure 3, A and B). In parallel,
Western blot analysis of rat retina homogenates showed
about 1.9-fold increase in TXNIP protein expression in
NMDA-injected retinas compared with the NMLA controls
(Figure 3C). Simultaneous injection of FeTPPs in NMDA-
injected animals blocked this effect. Treatment with
FeTPPs did not alter TXNIP expression in treated con-
trols. These results suggest that intravitreal NMDA injec-
tion resulted in up-regulation of thioredoxin antioxidant
system and that treatment with FeTPPs maintained high
levels of antioxidant Trx but not the endogenous inhibitor
TXNIP.

Increased TXNIP Binds Trx and Release ASK-1
from TRX-ASK-1 “Inhibitory Complex”

Under resting conditions, Trx binds to and inhibits the
apoptotic protein ASK-1 by forming Trx-ASK-1 “inhibitory
complex.” The interaction between Trx and ASK-1 in rats
after 1 day of NMDA injection was investigated using
immunoprecipitation assay. Our results showed that
NMDA injection decreased the association between Trx
and ASK-1 to only 35% of the basal level compared with
NMLA controls (Figure 4 A). Meanwhile, the association
between Trx and TXNIP showed 1.7-fold increase in
NMDA-injected rats compared with NMLA controls (Fig-
ure 4B). Co-treatment of animals with FeTPPs signifi-

Figure 2. FeTPPs blocked nitrotyrosine in NMDA-injected retinas. A: Representative
images showing NMDA-stimulated peroxynitrite formation in rat retina indicated by
its footprint nitrotyrosine (magnification, �200) after one day of intravitreal NMDA
injection. FeTPPs blocked this effect in NMDA-injected retinas but did not affect
NMLA controls. B: Statistical analysis showed 1.8-fold increase in ROD of NMDA-
injected retinas as compared with NMLA controls or NMDA � FeTPPs (n � 6). There
was a significant difference as compared with the rest of the groups at *P � 0.05. GCL,
ganglion cell layer; ONL, outer nuclear layer; IPL, inner plexiform layer; INL, inner
nuclear layer.
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cantly restored the association between Trx-ASK-1 (70%
of its basal level) and significantly reduced the interaction
between Trx and TXNIP to 1.3-fold. Treatment with FeTPPs
did not alter protein interaction in NMLA controls.

FeTPPs Blocked ASK-1 Expression in Retinal
Layers

Next, we examined the expression and release of ASK-1
in rat retina after 1 day of NMDA injection using Western
blot analysis. As shown in Figure 4C, NMDA injection
caused 1.9-fold increase in ASK-1 expression in rat retina
as compared with the NMLA controls. Although Western
blot include proteins from all retinal cell types, the results
were further confirmed and complemented with immuno-
staining assay. NMDA injection resulted in prominent
immunolocalization of ASK-1 in the RGC and inner retinal

layers as compared with NMLA controls (Figure 4D).
Co-treatment with FeTPPs significantly reduced expres-
sion and localization of ASK-1 in NMDA-injected animals
but not in treated NMLA controls.

FeTPPs Blocked Activation of p38 MAPK
Apoptotic Pathway

ASK-1 has been shown to induce apoptosis by activation
of p38 MAPK/JNK pathway.13 Therefore, we determined
activation of p38 MAPK in NMDA-injected animals after 1
day. Western blot analysis showed 1.8-fold increase in
p38 MAPK phosphorylation in NMDA-injected retinas as
compared with NMLA controls. Apoptosis was further
confirmed by the expression of cleaved PARP, a marker
of energy failure. NMDA increased cleaved PARP ex-
pression by 2.3-fold in NMDA-injected animals compared
with NMLA controls. Co-treatment with FeTPPs signifi-
cantly reduced p38 MAPK activation and blocked
cleaved PARP expression in NMDA-injected animals but
did not alter the basal levels in NMLA controls (Figure 5,
A and B).

FeTPPs Prevented Müller Glial Cell Activation in
NMDA-Injected Retinas

We next examine the protective action of decomposing
peroxynitrite on glial activation. As shown in Figure 6 A,
NMDA-injected rats after 1 day showed a substantial
increase in the intensity of GFAP immunoreactivity in the
filaments of Müller cells that extended from the nerve
fiber layer and inner plexiform layer into the outer nuclear
layer (ONL) of retina as compared with NMLA controls.
Co-treatment of rats with FeTPPs blocked this effect in
NMDA-injected rats but not in NMLA controls, suggesting
that peroxynitrite play a causal role in causing glial acti-
vation following neuronal injury.

FeTPPs Prevented NMDA-Induced Capillary
Degeneration and Pericytes Loss

Previous studies have demonstrated compromised vascu-
lature following retinal neurodegeneration.2,16 Therefore, we
examined retinal vasculature 7 days after NMDA-induced
neuronal injury and glial activation. A representative image
of acellular capillaries stained with periodic acid-Schiff and
hematoxylin was shown in Figure 6B. Acellular capillaries
are demonstrated in Figure 6C using confocal microscopy
of trypsin digest. All endothelial cells are labeled with isolec-
tin (red) while collagen IV (green) labels vascular basement
membrane. The circle superimposed on the merged image
demonstrates a typical acellular capillary in retina (collagen
IV positive but isolectin negative). Our results showed 2.6-
fold increase in the number of acellular capillaries and a
23% decrease in pericyte count in the NMDA-injected reti-
nas compared with NMLA controls (Figure 6, D–F). Interest-
ingly, NMDA exerted dose-dependent effect in causing
capillary degeneration, as 80 nmol of NMDA showed a
5.7-fold increase in the number of acellular capillaries as

Figure 3. FeTPPs reduced NMDA-induced TXNIP but not Trx expression in
NMDA-injected retinas. A: One day post NMDA injection, real-time PCR of
retinal lysate showed a threefold increase in Trx expression in NMDA-
injected retinas that was maintained by FeTPPs treatment as compared with
NMLA controls (n � 5). B: Real-time PCR of retinal lysate showed a threefold
increase in TXNIP expression in NMDA-injected retinas compared with
NMLA controls (n � 5). C: Western blot of rat retinal lysates showed 1.9-fold
increase in TXNIP in NMDA-injected retinas compared with NMLA control
(n � 5–7). FeTPPs (100 �g/eye) blocked TXNIP expression in NMDA-
injected rats but did not affect its expression in NMLA controls. There was a
significant difference as compared with rest of the groups at *P � 0.05. There
was a significant difference as compared with controls at **P � 0.05.
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compared with NMLA controls (Figure 6D). Moreover,
TUNEL assay showed several positive cells in NMDA-in-
jected animals suggesting that capillary degradation oc-
curs through apoptosis (Figure 6). Co-treatment of rat reti-

nas with FeTPPs restored the number of pericytes and
decreased the number of acellular capillaries to the normal
values of NMLA controls.

Discussion

The main findings of the current study using NMDA modelI:
Decomposing peroxynitrite using FeTPPs prevents retinal
ganglion cell loss and glial activation.II Up-regulated
peroxynitrite formation and TXNIP expression disrupt
Trx-ASK-1 inhibitory complex leading to activation of
ASK-1 apoptotic pathway.III Initial neuroprotection ef-
fects of FeTPPs prevented long term vascular cell
death and capillary degeneration.IV NMDA model can
be useful tool to study glial activation and capillary
degeneration, hallmarks of diabetic retinopathy in
much shorter time.

Neuronal injury and death play an early and critical role
in the pathogenesis of retinal neurodegenerative disor-
ders, including glaucoma, diabetic retinopathy, uveitis,
and retinal vein occlusion.1–6 In response to traumatic
compression or vascular occlusion, excess glutamate is
released to overstimulate the NMDA receptors leading to
excessive Ca2� influx, which in turn triggers formation of
nitric oxide, accumulation of superoxides and peroxyni-

Figure 4. Increased TXNIP bind Trx and released ASK-1 from inhibitory com-
plex. A: Immunoprecipitation of Trx and immunoblotting with ASK-1 showed
65% reduction in interaction between Trx and ASK-1 in NMDA-injected rats after
one day as compared with NMLA controls (n � 4–5). B: Immunoprecipitation of
Trx and immunoblotting with TXNIP showed a 1.7-fold increase in interaction
between Trx and TXNIP in NMDA-injected retinas as compared with NMLA
control (n � 4). C: Western blot analysis showed a 1.9-fold increase in ASK-1
expression in rat retina lysate of NMDA-injected retinas as compared with the
NMLA controls (n � 4–6). D: Immunolocalization of ASK-1 in retinal ganglion
cell and inner retinal layers in NMDA-injected retinas compared with NMLA
controls (magnification, �200). FeTPPs blocked all these effects in NMDA-
injected retinas but did not affect NMLA controls. There was a significant differ-
ence as compared with the rest of the groups at *P � 0.05. GCL, ganglion cell
layer; ONL, outer nuclear layer; IPL, inner plexiform layer; INL, inner nuclear
layer.

Figure 5. FeTPPs blocked activation of p38 MAPK apoptosis pathway. A:
After one day of intravitreal NMDA injection, Western blot analysis showed
1.8-fold increase in p38 MAPK phosphorylation in rat retina lysate of NMDA-
injected retinas compared with NMLA controls (n � 5–6). B: Western blot
analysis of rat retina lysate showed a 2.3-fold increase in cleaved PARP
expression in NMDA-injected retinas compared with NMLA controls (n � 4).
Treatment of animals with FeTPPs (100 �g/eye) reversed these effects in
NMDA-injected retinas but did not affect NMLA controls. There was a signif-
icant difference as compared with rest of the groups at *P � 0.05.
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Figure 6. FeTPPs prevented NMDA-induced glial activation, capillary degeneration and pericytes loss. A: Representative images of GFAP immunofluorescence
in various treatment groups after one day. In NMDA-injected retinas, the end feet of the Müller cells showed abundant GFAP immunofluorescence (red), and the
radial processed stained intensely throughout both the inner and the outer retina (magnification, �400). Similar morphological changes were observed in 3–4
animals. B: Representative image of trypsin-digest stained with periodic acid-Schiff and hematoxylin showing acellular capillaries (arrows) in NMDA-injected rats
after seven days (magnification, �400). C: Representative images of acellular capillaries using confocal microscopy of trypsin digest. All endothelial cells are
labeled with isolectin (red) while collagen IV (green) labels vascular basement membrane. The circle superimposed on the merged image demonstrates a typical
acellular capillary in retina (collagen IV positive but isolectin negative). D: Statistical analysis showing 2.6-fold increase in number of acellular capillaries in
NMDA-injected retinas compared with NMLA controls or NMDA � FeTPPs (n � 4–6). E–F: Statistical analysis and representative image of retinal trypsin-digest
stained with periodic acid-Schiff (PASH) and Hematoxylin showing pericyte cells (indicated by red arrows) in NMDA-injected rats showing a significant decrease
in pericytes count in NMDA-injected retinas compared with NMLA-controls or NMDA � FeTPPs (n � 4�6) (magnification, �400). These effects were blocked
by FeTPPs in NMDA-injected retinas but did not alter NMLA-controls. G: Representative image of retinal trypsin digest stained with TUNEL (left) showing that
vascular cell death occurs by apoptosis as indicated by TUNEL positive nuclei (white arrows) in endothelial cells (red arrows) (400� magnification). There was
significant difference against the controls and NMDA � FeTPPs groups at *P � 0.05. There was significant difference against the rest of the groups at #P � 0.05.
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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trite, and eventually cause RGC death.1,7,9,22 Therefore,
an NMDA model was used to examine the causal role of
peroxynitrite in mediating neuronal cell death and to fur-
ther assess its subsequent effects on glial activation and
retinal vasculature. Indeed, our results showed signifi-
cant increase in peroxynitrite formation as indicated by
1.8-fold increase in nitrotyrosine formation in NMDA-in-
jected rats that was blocked by co-treatment with the
peroxynitrite decomposition catalyst FeTPPs. The neuro-
protective effects of FeTPPs were evident by significant
reduction of TUNEL-positive nuclei in GCL, restoration of
neuronal cell count in GCL at both central and posterior
retina back to the normal level, as well as restoration of
RGC count in retina sections stained with anti-Brn-3a, a
specific RGC marker. Of note, the number of RGC cells
(Brn-3a positive) represented about �60% of the neuro-
nal cells in GCL, which is consistent with the fact that
displaced amacrine cells constitute �40% of GCL.23

These results establish a causal role of peroxynitrite in
mediating retinal neurotoxicity and lend further support to
previous reports showing protective effects of blocking
peroxynitrite indirectly using the NOS inhibitor L-NAME,
iNOS inhibitor aminoguanidine, or the superoxides and
hydroxyl radicals scavenger TEMPOL in NMDA or isch-
emia/reperfusion model.1,2,24,25 The neuroprotective ef-
fects of FeTPPs were screened after 1 day of NMDA
injection, a time point at which, RGC death will peak then
plateau afterward.1,26 Indeed, peroxynitrite decomposi-
tion catalysts, such as FeTPPs and FP15 have been
proven effective in reducing peroxynitrite-mediated in-
sults in models of ischemic retinopathy, diabetic retinop-
athy, and neuropathy.3,20,27–30

To elucidate the molecular mechanism of the neuro-
protective actions of FeTPPs, we next examined the ex-
pression of the antioxidant and antiapoptotic Trx system
in NMDA-injected retinas. The activity of Trx and its ability
to scavenge free radicals is negatively regulated by bind-
ing to TXNIP, which is known to be enhanced by Ca2�

influx.14 Certainly, NMDA stimulates Ca2� influx, and it
was not surprising to observe significant increases of
TXNIP mRNA and protein expression (three- and twofold,
respectively) in response to NMDA. In contrast, NMDA
induced Trx mRNA (threefold) possibly as self-defense,
which was maintained by treatment with FeTPPs for the
short term (1 day). Therefore, the increased binding of
TXNIP to Trx may account for the functional inhibition of
Trx activity and mediate oxidative stress. Of note, long-
term studies (7 days) revealed significant reduction of Trx
mRNA (50%) in NMDA-injected animals (data not
shown). A recent study demonstrated that inhibiting
TXNIP using calcium channel blockers can prevent car-
diac apoptosis.31 This is of importance as reduced Trx
has also been shown to play a key role in regulating
apoptosis pathway by binding to ASK-1 through redox
active site of Trx.32 Thus, inactivation of Trx through oxi-
dation or interaction with TXNIP leads to release and
activation of the apoptotic ASK-1. Indeed, our analyses
showed up-regulated TXNIP expression was associated
with 1.7-fold increase in its interaction with Trx and �65%
reduction in interaction between Trx and ASK1 (Figure 4).
Western blot analysis confirmed significant increases

1.9-fold in ASK-1 expression in NMDA-injected animals
that was localized mainly in the ganglion cell layer and
inner retinal layers. Although, Western blot include pro-
teins from all retinal cell types, the distinctive changes in
protein expression might be attributed to the acute nature
of the neurotoxic NMDA model. Immuno-colocalization
studies of ASK-1 with RGC marker (Brn-3a), but not
isolectin-B4 showed prominent staining in GCL and inner
retina layers (data not shown). These results complement
the proposed role of peroxynitrite in releasing ASK-1 and
causing RGC death in NMDA model. Co-treatment with
FeTPPs inhibited the association of Trx and TXNIP, re-
stored the association between Trx and ASK-1 and re-
duced ASK-1 expression. In support, several studies
demonstrated that restoring Trx activity can prevent
RGC death and apoptosis in aging liver cells or cardi-
omyocytes.11,33–35 However, our study is the first one to
demonstrate a causal role of peroxynitrite in increasing
TXNIP expression, altering thioredoxin system and activat-
ing ASK-1 proapoptotic pathway leading to RGC death in
NMDA model.

We next evaluated whether the increases in ASK-1 trig-
gered apoptosis in NMDA-injected rat retinas. Indeed, our
results showed significant increases in phosphorylated p38
MAPK and cleaved PARP expression in NMDA-injected
animals. In agreement, NMDA-induced activation of p38
MAPK and PARP has been well documented and linked to
RGC death in vitro and in vivo.36–40 In addition, the neuro-
protective actions of inhibiting p38 MAPK using SB203580
has been demonstrated in NMDA-injected rats,37 as well as
in hippocampal neuronal cultures41 and in cortical cell cul-
tures.42 Our results showed that the neuroprotective effects
of FeTPPs was associated with clear suppression of
p38 MAPK activation and cleaved PARP expression. In
support, previous studies demonstrated similar protec-
tive actions of decomposing peroxynitrite in models of
diabetic retinopathy, oxygen-induced retinopathy, or
cardiomyopathy.3,20,35,43

Histological studies demonstrate remarkable activa-
tion of retinal glial cells including astrocytes and Muller
cells in human and experimental models of glaucoma,
diabetic retinopathy and retinal ischemia.18,44–47 In
agreement, our results confirmed glial activation as evi-
dent by prominent localization of the gliofilaments GFAP
in NMDA-injected retinas that was blocked by treatment
with FeTPPs. Because of glial activation, previous studies
documented increased light scatter clinically45 and sig-
nificant increases in inflammatory mediators such as in-
terleukin-�, tumor necrosis factor-�, nuclear factor �B,
and ICAM expression experimentally47–49 that can play a
major role in not only sustaining the neuronal cell death
but to extend the damage to retinal vasculature. There-
fore, we examined the long term effects of the initial
neuroglial injury on retinal capillary degeneration, 7 days
after NMDA injection. Our results demonstrated signifi-
cant effects of NMDA injection on increasing capillary
degeneration and pericytes loss as well as several
TUNEL-labeled cells in retinal capillaries that were
blocked by co-treatment with FeTPPs. Based on the time
course of degeneration of both the neuronal and vascular
components, significant neuronal loss in the retina pre-
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cedes capillary degeneration in response to NMDA. This
observation is in agreement with the notion that early and
gradual loss of neurons may be a primary abnormality
that gives rise to vascular changes seen in diabetic ret-
inopathy, ischemic retinopathy, and models of ischemia
reperfusion.

The observed vascular cell death in response to
NMDA could be attributed to several mechanisms includ-
ing direct effects of activating NMDA receptors leading to
peroxynitrite formation and ensuing apoptosis in endo-
thelial cells,50,51 neuroglia injury and the release of in-
flammatory mediators and/or possible increases in TXNIP
and activation of ASK-1 apoptotic pathway. In support,
our results, in NMDA model, showed neuro- and vascular
protective actions of FeTPPs, which parallel its neuropro-
tective action in models of diabetic and ischemic retinop-
athy. Furthermore, co-localization studies showed that
peroxynitrite formation can be detected in both neuronal
and vascular areas of the retina. Although we did not
examine the direct role of increased TXNIP expression in
activating apoptotic signal in retinal capillaries, previous
studies demonstrated that overexpression of TXNIP aug-
ment the inflammatory actions of tumor necrosis factor-
�-mediated activation of p38 MAPK and apoptosis in
vascular endothelial cells.52,53 In addition, activation of
PARP in retina contributes to vascular cell death and the
formation of pericyte ghosts and acellular capillaries in
vitro and in vivo.20,28,44,48 The significance of capillary
degeneration that followed neuroglial injury in NMDA
model bring attention to ischemia and impaired reperfu-
sion that take place in traumatic optic neuropathy and
glaucoma.54

In summary, retinas injected with NMDA can provide a
good tool to study ROS generation, RGC cell death, glial
activation, and capillary degeneration. Although having
different etiology, these endpoints have a lot in common
with some of the hallmarks of diabetic retinopathy. Mor-
phologically, glial activation observed 1 day after NMDA
injection is similar to that observed 2–3 months in diabetic
retinopathy. Moreover, degenerated capillaries that de-
tected after 7 days in NMDA model seem comparable to
acellular capillaries detected 6–8 months in diabetic ret-
inopathy. Retinas from rodents after NMDA injection
show biochemical alterations that also are seen in diabe-
tes, including increased formation of peroxynitrite and
expression of apoptotic markers p-p38 MAPK and PARP.
Based on these similarities between NMDA model and
diabetic retinopathy, we postulate that the retinal NMDA
model may be used as an acute model for screening
therapeutic approaches to inhibit retinal neuronal death,
glial activation, and capillary degeneration in diabetic
retinopathy and other retinopathies.
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