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Nitrotyrosine formation and apoptosis in rat models of ocular injury
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Abstract

This study was performed to examine inducible nitric oxide synthase INOS-2) expression, nitrotyrosine formation and apoptosis
in rats with elevated intraocular pressure (IOP) and/or ocular inflammation. Ocular inflammation was induced via injection of
intra-vitreal lipopolysaccharide (ILPS) while IOP was elevated by episcleral vessel cauterization. Animals were randomized to one
of the following conditions: elevated IOP, LPS, elevated IOP + LPS, and control. Immunohistochemical staining and western
blot analysis of retinal lysates revealed NOS-2 and nitrotyrosine immunoreactivity in all disease groups. NOS-2 expression and
protein nitration was significantly greater in rats with elevated IOP + LPS compared to elevated IOP, LPS, and control groups.
Nitrite levels in the retina affirmed significantly increased levels of nitric oxide generation in LPS-treated rats with elevated IOP
(346 = 23.8 M) ©vs LPS-treated, elevated IOP and control groups (195.6 = 12.6, 130 £ 2.5 and 76.6 = 15.6 p.M,
respectively). Retinal TUNEL staining showed apoptosis in all diseased groups. Percent of apoptotic cells was significantly
greater in the elevated IOP + LPS group compared to LPS-treated or elevated IOP groups. Presented data illustrates that both
elevated IOP and ocular inflammation augment NOS-2 expression, retinal protein nitration and apoptosis in rats.
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Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; I0OP, intraocular pressure; IPL, inner plexiform layer;
LPS, lipopolysaccharide; NO, nitric oxide; NO, , nitrite; NO,Tyr, nitrotyrosine; NOj3 , nitrate; NOS-2, inducible nitric oxide
synthase; ONL, outer nuclear layer; OPL, outer plexiform layer; PBS, phosphate buffered saline; PMN, polymorphonuclear;
VCL, photoreceptor cell layer

Introduction visual impairment [4]. Recent studies have high-
lighted the role of nitric oxide (NO) in uveitis and
glaucoma by reporting the presence of NOS-2 in

the iris-ciliary body [5], retina [6] and in the

Glaucoma is a degenerative eye disease and is the
leading cause of blindness in the United States and

other industrialized countries [1]. Experimental
studies of induced pressure elevation in nonhuman
primates results in typical glaucomatous optic nerve
damage [2,3]. Intraocular inflammation, most often
termed as uveitis, is also a major cause of severe

glaucomatous optic nerve head of experimental rat
models [7].

Nitric oxide is an important mediator of homeo-
static processes in the eye, such as regulation of
aqueous humor dynamics, retinal neurotransmission
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and phototransduction [8]. Physiological amounts of
NO synthesized by constitutive NOS isoforms (NOS-
1 and NOS-3) participates in neurotransmission and
vascular signaling [9] while accelerated NO pro-
duction by NOS-2 results in cytotoxicity via direct
reactions of NO and the formation of secondary
species capable of oxidation and nitration reactions
[10]. The oxidation and nitration of lipids, amino
acids, and proteins will alter biomolecular structure
and function and at the same time reveal the
pathogenic actions of reactive species in various
disease processes [11].

Altered production of NO in inflammatory diseases
like uveitis or degenerative diseases like glaucoma
suggests that it contributes to the pathological states.
This study aimed to study retinal NOS-2 expression,
retinal protein nitration and investigate retinal
ganglion and glial cell death in experimental rat
models of elevated IOP and uveitis. It is reported
herein that increased retinal NOS-2 expression and
excessive NO formation is accompanied by retinal
protein nitration and apoptosis in elevated IOP and
ocular inflammation.

Materials and methods
Anmimals

All experimental protocols conducted on rats were
performed in accordance with the standards estab-
lished by the Institutional Animal Care and Use
Committee at Akdeniz University Medical School.
Male Wistar rats weighing 350-450 g were housed in
stainless steel cages and given food and water ad
libitum. Animals were maintained at 12h light—dark
cycles and a constant temperature of 23 = 1°C at all
times. Rats were divided into four groups of six
animals each; Group 1: elevated IOP, Group 2: LPS-
treated, Group 3: elevated IOP + LPS-treated, Group
4: control.

Rat model of ocular inflammation and elevated IOP

Ocular inflammation was induced via a single
injection of intra-vitreal LPS as previously described
[12]. Briefly, LPS from Salmonella typhimurium
(Sigma-Aldrich Chemie, Steinheim, Germany) was
dissolved in sterile phosphate buffered saline (PBS) at
a concentration of 1 mg/ml. Rats were anesthetized
intraperitoneally with a mixture of ketamine
(25 mg/kg, Richter Pharma AG, Wels, Austria) and
xylazine hydrochloride (5mg/kg, Alfasan Inter-
national B.V., Woerden, Holland) and 5 pg of LPS
was injected into the vitreous of each eye. The controls
received intravitreal injections of LPS free PBS. Rats
were killed 24h after LPS injection and eyes were
enucleated for further analysis.

IOP was elevated in rats by cauterizing three
episcleral vessels, as previously [13,14] described.
Briefly, rats were anesthetized intraperitoneally with a
mixture of ketamine (25 mg/kg) and xylazine hydro-
chloride (5 mg/kg). Episcleral vessels were exposed by
incising the overlying conjunctiva and cauterized via
an ophthalmic cautery. IOP was measured before
surgery and every 2 weeks after surgery over a 2-
month period. A handheld tonometer (XIL-Tonopen,
Mentor O and O, Norwell, MA, USA) was used to
measure IOP in rats under light anesthesia. One drop
of 0.5% proparacaine hydrochloride was applied to
each eye before readings were obtained. Intraocular
pressure measurements were performed as described
in the instruction manual of the tonometer. The mean
IOP of 5-10 consecutive measurements were
recorded. Rats in Group 3 (elevated IOP + LPS-
treated) received a single injection of intra-vitreal LPS
on the 60th day following episcleral cauterization.

Immunohistochemical staining and TUNEL analysis

Enucleated globe materials were fixed in 10% buffered
formalin solutions and incised in transverse plain just
from the center of the globe to obtain two equal parts.
Fixed tissues were washed in phosphate buffered
saline (pH 7.4), embedded in paraffin and cut into
4 pm sections. For peroxidase staining, sections were
deparaffined, rehydrated and washed with Tris
buffered saline. Endogenous peroxidase activity was
blocked by incubating tissue sections with 3%
hydrogen peroxide for 5 min prior to application of
the primary antibody. Primary antibody incubations
were for 60 min at 25°C using rabbit polyclonal anti-
NOS2 (1:100 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-nitrotyrosine (NO,Tyr)
(Cayman Chemical, Ann Arbor MI, 10 pg/ml). After
sections were washed they were immunostained with
an avidinbiotin complex kit (Dako, Carpinteria, CA)
followed by hematoxylin counterstaining. To assess
nonspecific staining for anti-NO,Tyr, control exper-
iments were performed by preadsorbing anti-NO,Tyr
with 10mM NO,Tyr. Negative controls were also
performed by replacing the primary antibody with
nonimmune serum followed by immunoperoxidase
staining. Presence of a redbrown colored end product
in the cytoplasm was indicative of positive staining.
Counterstaining with hematoxylin resulted in a pale to
dark blue coloration of cell nuclei.

Apoptotic cells were visualized with the terminal
deoxynucleotide transferase (TdT) FragELL DNA
fragmentation kit (Oncogene, Boston, MA) analogous
to TdT mediated nick endlabeling. Dark brown cells
with pyknotic nuclei were indicative of positive
staining for apoptosis, whereas green to greenish
color signified a nonreactive cell. To obtain a
quantitative standard for apoptotic cell death within
the different experimental group’s morphometric
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analysis was performed on all retinal sections by a
pathologist blinded to the experimental conditions.

SDS-PAGE and Western blot analysis

Retina was harvested from enucleated globes and
homogenized in 2ml ice-cold homogenizing buffer
(60 mM K,HPO,, 80 wM leupeptin, 2.1 mM Pefabloc
SC, 1mM phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin, pH 7.4). Homogenates were centrifuged
(40,000 g, 30 min, 4°C) and supernatants were stored
at —80°C until analyzed. For western blot analysis,
tissue proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. A rabbit
polyclonal antibody against anti-NO,Tyr (Cayman
Chemical, 5 pg/ml) and anti-NOS2 (BD Transduc-
tion Laboratories, 1:800 dilution) was used for
immunoblot analysis. Horseradish peroxidase-conju-
gated goat anti-rabbit IgG (Zymed Laboratories, San
Francisco, CA, 1:10000 dilution) was used as a
secondary antibody and immunoreactive proteins
were visualized by chemiluminescence via ECL
reagent (Amersham Pharmacia Biotech). Proteins
separated by SDS-PAGE were also visualized by
Electro-Blue staining solution (Qbiogene, Heidelberg,
Germany).

Nirrite and nitrate assay

Samples were transferred to an ultrafiltration unit and
centrifuged through a 10 kDa molecular mass cut-off
filter (Centricon, Millipore Corporation) for 1h to
remove protein. Analyses of tissue homogenates were
performed in duplicate via the Greiss reaction using a
colorometric assay kit (Calbiochem, Darmstadt,
Germany). Protein concentrations were measured at
595nm by a modified Bradford assay by using
Coomassie Plus reagent with bovine serum albumin as
a standard (Pierce Chemical Company, Rockford, IL).

Results
IOP levels

The IOP (mean = SD, n = 6) measured in control
eyeswere 10 = 2.3 mm Hg. An increase of 10—12 mm
Hg was observed in cauterized eyes compared to
controls. Recorded IOP from cauterized eyes
remained elevated over the 2 months experimental
period.

Histologic analysis

Figure 1 shows photomicrographs of retinal cross
sections from representative rats of each of the four
different groups. Apparent differences were observed
in the histologic evaluation of the retina. Groups
treated with LPS (Figure 1(B) and (D)) displayed
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GCL- IPL INL ONL
Figure 1. Hematoxylin and eosin staining of the retina. Retinal
photomicrographs of representative rat are shown from each of the
four groups. (A) Control, (B) LPS, (C) Elevated IOP, (D) Elevated
IOP + LPS. GCL, ganglion cell layer; IPL, inner plexiform layer;

INL, inner nuclear layer; ONL, outer nuclear layer; VCL,
photoreceptor cell layer.

extensive polymorphonuclear (PMN) cell infiltration
accompanied by retinal edema while retinal thinning
was prominent in rats with elevated IOP
(Figure 1(C)).

NOS-2 expression
Figure 2 demonstrates the localization of NOS-2 in

retinal cross sections from representative rats of each

L OPL VCL
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Figure 2. Immunostaining of NOS-2 in the Retina. Retinal
photomicrographs ( X 20) of representative rat are shown from each
of the four groups. (A) Control, (B) LPS, (C) Elevated IOP, (D)
Elevated IOP + LPS. GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; ONL, outer nuclear
layer; VCL, photoreceptor cell layer. Arrows show regions of NOS-2
immunostaining.
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of the four different groups. NOS-2 positive staining
was observed throughout the outer plexiform layer
(OPL), inner plexiform layer (IPL) and ganglion cell
layer (GCL) in all experimental groups except for
control. The photoreceptor cell layer (VCL) also
showed diffuse NOS-2 immunostaining in all diseased
rats. NOS-2 was not present in eyes of control rats
(Figure 2(A)). The quantitative data obtained for
NOS-2 expression is shown in Figure 3. Western blot
analysis of retinal extracts using an anti-NOS2
antibody revealed an immunodetectable 130kDa
protein band present only in diseased rat groups
(Figure 3(A)). Elevated IOP and LPS treatment
caused a significant increase in NOS-2 protein
expression, as quantified by densitometric analysis,
Figure 3(C) (p < 0.05, vs control). NOS-2 expression
was further increased in rats with elevated IOP + LPS
(p < 0.05, vs elevated IOP and LPS groups).

Nitrite and nitrate concentration

Vitreous and retinal tissue homogenate nitrite
(NO5) and nitrate (NO3) concentration is shown
in Figure 4. Vitreous NO, + NOj levels (mean =
SEM, n=5-6) measured in elevated IOP
(158.5 = 5.3 uM), LPS (243 = 6.4 uM), and elev-
ated IOP + LPS (415.3 = 10.6 uM) groups were
significantly greater (p < 0.05) than the control
group (98 = 7.1 pM). NO, + NOs levels in the
retina affirmed significantly increased levels of nitric
oxide generation in LPS-treated rats with elevated
IOP (346 £ 23.8 uM) vs LPS-treated, elevated IOP
and control groups (195.6 = 12.6, 130 £ 2.5 and
76.6 = 15.6 WM, respectively). Elevated IOP + LPS
further increased (p < 0.05) vitreous and retina
NO, + NO3 levels when compared to rats with
only elevated IOP or LPS.
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Figure 3.

SDS-PAGE and Western blot analysis of retinal homogenates. STD, molecular weight standards; C, control; EIOP, elevated

intraocular pressure; LPS, lipopolysaccharide-treated. Retinal homogenates analyzed by immunoblotting with rabbit polyclonal antibody
against (A) NOS-2 and (B) nitrotyrosine. (C) and (D) represent averaged data quantified by densitometry of immunoblots using NIH image
1.61. Data are expressed as-fold increase, in which the control is defined as 1.0. Values are mean = SEM for three independent experiments.
Statistical analysis was by one-way ANOVA with all pairwise multiple comparison procedures carried out via Tukey Test. +, p < 0.05
compared to control; , p < 0.05 compared to EIOP and LPS; *, p < 0.05 compared to control. (E) SDS-PAGE and Coomassie blue staining

of retinal homogenates.
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Figure 4. Vitreous and retinal tissue homogenate nitrite and
nitrate content. C, control; EIOP, elevated intraocular pressure;
LPS, lipopolysaccharide-treated. Values are mean = SEM (n = 5—
6). Statistical analysis was by Kruskal-Wallis one way analysis of
variance on ranks with all pairwise multiple comparison procedures
carried out via Dunn’s Method. 4, p < 0.05 compared to control;
**, p < 0.05 compared to EIOP and control; ++, p < 0.05
compared to LPS, EIOP, and control.

Nitrotyrosine Formation

Samples from all experimental groups were analyzed
by SDS-PAGE and visualized by both Western blot
analysis using anti-NO,Tyr antibody and Coomassie
blue staining for proteins. Western blot analysis of
retinal extracts using an anti-NO,Tyr antibody
revealed a single immunoreactive protein band with
a molecular weight of less than 50 kDa. Comparison
of the immunoreactivity pattern seen in the Western
blots (Figure 3(B)) with protein staining
(Figure 3(E)) reveals that retinal proteins are not
equally nitrated. The quantitative data obtained for
NO,Tyr formation is shown in Figure 3(D) and
represents averaged data quantified by densitometry
of immunoblots. Protein nitration was present only
in diseased rat groups and was more evident in
elevated IOP + LPS treated rats. The localization of
protein NO,Tyr in retinal cross sections is demon-
strated in Figure 5. NO,Tyr positive staining was
observed in the GCL, IPL and VCL in all rat groups
except for controls.

Apoprosis

Figure 6 shows representative photomicrographs of
retinal TUNEL staining from each of the four
groups. Apoptotic cells are seen in the GCL, outer
and inner nuclear layers of all diseased groups.
Percent of TUNEL positive cells were significantly
greater (p < 0.05) in both the ONL and INL of all
diseased rat groups, compared to control (Figure 7).
The greatest increase in the percent of apoptotic
cells were observed in rats treated with elevated
IOP + LPS.
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Figure 5. Immunostaining of nitrotyrosine in the Retina. Retinal
photomicrographs ( X 20) of representative rat are shown from each
of the four groups. (A) Control, (B) LPS, (C) Elevated IOP, (D)
Elevated IOP + LPS. GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; ONL, outer nuclear
layer; VCL, photoreceptor cell layer. Arrows show regions of NO,-
Tyr immunostaining.

Discussion

This study examined the effect of elevated IOP and
ocular inflammation on retinal NOS-2 expression,
protein nitration and apoptosis in experimental rat
models. To accomplish intraocular pressure elevation,
episcleral vessels of the eye were cauterized as
previously described [13]. A 1.4-fold increase in IOP
was observed in operated eyes following surgery, and
persisted over the 2-month experimental period. The
measured increase in IOP compared well to previous
levels reported in rats [15,16]. The rat model of
intraocular inflammation was created by intravitreal
injection of LPS as previously described [12].
Reported studies have documented that this method
of endotoxin-induced uveitis causes severe fibrinoid
exudation in the papillary area with intense flare in the
anterior chamber at 24 h after injection [17]. These
symptoms compare to grade 4 (full score) uveitis [18]
and thus enucleation was performed 24 h after LPS
injection. In accordance with previous observations
[12], histological examinations showed the presence
of inflammatory cells in the inner retinal layers of LPS
treated rats (Figure 1(B) and (D)).

The observed increase in NOS-2 protein in
experimental rat models of elevated IOP and/or ocular
inflammation (Figures 2 and 3) is consistent with the
involvement of NO cytotoxicity in elevated IOP [7]
and uveitis [12]. Reported studies have demonstrated
the presence of NOS-2 mRNA in the iris-ciliary body
and in the retina of rats with endotoxin-induced ocular
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Figure 6. Retinal TUNEL staining. Photomicrographs ( X 20) of
representative rat are shown from each of the four groups. (A)
Control, (B) LPS, (C) Elevated IOP, (D) Elevated IOP + LPS.
Apoptotic cells are seen in the ganglion cell layer (GCL), outer
(ONL) and inner (INL) nuclear layers of all diseased groups.

inflammation [19]. Moreover, a significant correlation
was found between nitrite levels detected in the
vitreous and clinical signs of endotoxin-induced
uveitis [5]. Similarly, NOS-2 immunostaining was
observed in glaucomatous optic nerve heads
suggesting that it may contribute to retinal ganglion
cell death associated with elevated IOP [7,20].
Indeed, pharmacological studies have shown that
inhibition of NOS-2 by aminoguanidine provides
neuroprotection of retinal ganglion cells in a rat model
of chronic glaucoma [21]. Likewise, multiple intra-
peritoneal injections of L-NAME, a well-known NOS
inhibitor, reduced clinical signs of uveitis in
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Figure 7. Percent of apoptotic cells in the outer (ONL) and inner
nuclear layers (INL) of the retina. C, control; EIOP, elevated
intraocular pressure; LPS, lipopolysaccharide-treated. Values are
mean = SD (n = 6). Statistical analysis was by one-way ANOVA
with all pairwise multiple comparison procedures carried out via
Tukey Test. +, p < 0.05 vs control; **, p < 0.05 vs EIOP and
control; *, p < 0.05 vs LPS, EIOP and control.

LPS-injected rats [22], suggesting that NO could
participate to the pathogenesis of endotoxin-induced
uveitis as a proinflammatory mediator. NOS-2
positive staining observed throughout the OPL, IPL
and GCL (Figure 2) is also supportive of previous
studies which have identified retinal NOS-2 pro-
duction in pigmented epithelial cells [23], vascular
endothelium [24] and Miiller cells [6], that span the
entire thickness of the retina.

Nitration of tyrosine residues has been detected in
multiple species, organ systems, and cell types
during both acute and chronic inflammation [25].
The existence of multiple distinct, yet redundant
pathways for tyrosine nitration underscores the
potential significance of this process in inflammation
and cell signaling. This post-translational protein
modification is thus a marker of oxidative injury that
is frequently linked to altered protein function
during inflammatory conditions [25,26]. Previous
reports have revealed the occurrence of oxidative
stress in glaucomatous optic nerve damage [27,28]
and ocular inflammation [29]. Elevated expression
of NOS-2 in both of these diseases implies the
formation of secondary species capable of nitration
reactions. Indeed, nitration of protein-associated
tyrosine residues has been detected in rats groups
with elevated IOP, LPS and elevated IOP + LPS
(Figures 2 and 3). The significant increase of
NO,Tyr observed in rats with elevated IOP + LPS
(Figure 3(B) and (D)) suggests that elevated IOP
and ocular inflammation is additive in contributing
to oxidative stress and NOS-2 expression resulting in
the formation of nitration reactions.

Nitric oxide-mediated cytotoxicity and the
capacity of NO to induce apoptosis have been
documented in macrophages [30], astrocytes [31],
and neuronal cells [32]. Although the mechanisms of
NO-mediated apoptosis are not clearly elucidated,
the induction of apoptosis by NO can be the result of
DNA damage which in turn activates p53 that has
been reported to cause apoptosis [33]. Increased
apoptotic cells in the GCL, outer and inner nuclear
layers of the retina in all diseased groups (Figures 6
and 7) is supportive of NOS-2 induced apoptosis
and suggests that elevated IOP and LPS may
aggravate pathogenic changes in the retina by
stimulating NO production.

In summary, the present data illustrates that both
elevated IOP and ocular inflammation augment NOS-
2 expression, retinal protein nitration and apoptosis in
rats. Although results show increased IOP and LPS
have additive effects on nitration and apoptosis, it is
uncertain if these findings are related. Obtained data
suggests that protein nitration and apoptosis exacer-
bate disease progression in clinical conditions
accompanied by elevated IOP and ocular inflam-
mation. Thus, selective inhibiton of NOS-2 and
appropriate IOP-lowering may prevent long-term
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visual loss and lead to improvement in the manage-
ment of glaucoma secondary to uveitis.
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