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Abstract
Purpose To determine the molecular mechanisms underlying
ocular ischemic syndrome (OIS). This study uses a rat model to
evaluate the role of the RhoA/MEK1/ ERK1/2/iNOS pathways
in response to OIS-associated oxidative and nitrosative stress,
with a long-term goal of identifying therapeutic targets for OIS.
Methods Rats were randomly allocated to one of three groups:
bilateral occlusion of the common carotid artery (BOCCA),
sham surgery control, or unoperated control (n = 8/group).
Three months after the procedure, retinas were analyzed ana-
tomically, using immunohistochemistry and by enzyme-
linked immunosorbent assay for RhoA, MEK1, ERK1,
ERK2, iNOS. Retinal injury was assessed using TUNEL.
Levels of superoxide dismutase (SOD) and malondialdehyde
(MDA) were measured by WST-1 and TBA methods,
respectively.
Results In BOCCA rats, occlusion of the bilateral common
carotid artery induced degeneration of retinal ganglion cells,
which was not observed in either control group. Retinal levels
of RhoA, MEK1, ERK1, ERK2, iNOS, NOX2, and MDA
were elevated in the BOCCA group, but not in either control
group. In comparison, retinal levels of SOD were reduced in
SOD animals. By immunofluorescent staining, RhoA was

elevated in all retinal layers, while the increased levels of
MEK, ERK1/1, and NOX were restricted to the INL, and that
of ERK1/2 and NOX inner nuclear layer; iNOS elevations
were observed in both the inner and outer nuclear layers.
TUNEL labeling results showed that BOCCA group is higher
staining than sham and control group.
Conclusions OIS elevates activity of the RhoA/MERK1/
ERK1/2/iNOS pathways throughout the retina, likely
reflecting a response to oxidative and nitrosative stress.
Retinal thickness was reduced in BOCCA rats, reflecting a
loss of retinal ganglion cells following the reduced blood flow
to the eye. These results indicate that drugs that inhibit these
pathways may be effective treatments for OIS.
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Introduction

Ocular Ischemic Syndrome (OIS) is a disease encountered in
cardiology, ophthalmology, neurology, and neurosurgery
clinics. In general, patients with stenosis and carotid artery
obstruction have a high incidence of OIS [1], reflecting in-
volvement of the ocular or cerebral vasculatures. Ocular man-
ifestations include transient amaurosis, impaired pupillary
light reflex, and decreased visual sensitivity.

To understand the pathophysiological processes involved
in OIS, Lavinsky et al. [2] developed an animal model based
on bilateral occlusion of the common carotid arteries
(BOCCA). This model induces the beginning of chronic reti-
nal ischemia, but does not impact intraocular pressure or ret-
inal artery perfusion. According to experiments before [2], the
available evidence indicates that retinal dysfunction starts to
present after a 2- to 3-month period of BOCCA as a result of
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strong compensatory ability in rats such as ganglion cells
starting lost, although the underlying pathogenic mechanisms
have not been fully characterized. It is known that apoptosis of
retinal ganglion cells leading to visual defect. We suppose that
there may have some potential way involving in OIS retina
injury.

Rho, a critical member of the Rho family of more than 20
small GTPases, regulates many cellular activities. For exam-
ple, Rho plays a role in cell adhesion, cell division, and mor-
phogenesis [3–5]. RhoA regulates cytoskeleton organization,
contraction, migration, and proliferation [6, 7]. Along with
RhoA, a key effector in the RhoA downstream signaling path-
way is Rho-kinase [8]. The RhoA/Rho-kinase pathway [8] has
been implicated in cellular hypertension and ischemia/
reperfusion (I/R) injury [9–11]. RhoA/Rho-kinase signaling
may also play an important role in inflammatory responses:
increased production of nitric oxide (NO) and up-regulation of
adhesion molecules and nicotinamide adenine dinucleotide
phosphate (NADPH) can elevate production of reactive oxy-
gen species (ROS). By regulating NO and NADPH, RhoA
can regulate these cellular events [10, 11].

Dynamic changes of mitogen-activated protein kinase
(MAPK) signal transduction and its upstream signals are as-
sociated with inflammatory and cerebral ischemia secondary
to subarachnoid hemorrhage [12, 13].MAPK-induced expres-
sion of inflammatory mediators such as mitogen-activated
protein kinase kinase (MEK)/extracellular signal-regulated ki-
nase (ERK)/inducible nitric oxide synthase (iNOS) pathways
also increase NO production [14–16]. Sari and co-workers
[17] reported that RhoA regulates the MEK1/ERK1/2/iNOS
pathways and downstream production of NADPH as well as
the formation of peroxynitrite (ONOO-), which can result in
the production of NO and proinflammatory cytokines.

Since Rho and the associated proteins have been shown to
play a vital role in the inhibition of neuron axons after injury,
we tried to make educated guesses that Rho may participate in
OIS retinal injury. Furthermore, Rho kinase (ROCK) has been
proven to play a vital role in the pathogenesis of ischemia/
reperfusion (I/R)-induced retinal injury, but there is no more
information between ROCK and its downstream factors in
chronic retinal ischemia in OIS [18]. As ROCK and its down-
stream factors have been proven to participate in inflammato-
ry and cell proliferation, we hypothesized that this signaling
pathwaymay be involved in chronic retina ischemia injury. To
date, the involvement of the RhoA/ MEK1/ERK1/2/iNOS
pathway and NADPH oxidase in the BOCCA model of OIS
has not been examined. In view of the many roles of this
signaling pathway, we examined the role of RhoA in regulat-
ing the expression of the MEK1/ERK1/2/iNOS pathway and
the production of NADPH oxidase. The results demonstrate
their importance in the response to oxidative/nitrosative stress
and inflammation associated with this model of retinal ische-
mia injury.

Materials and methods

All protocols were in accordance with the Guide for the Care
and Use of Laboratory Animals, issued by the Ministry of
Science and Technology of China, and all animal procedures
were approved by the Institutional Animal Care and Use
Committee of Capital Medical University (Beijing, China).
Brown Norway (BN; 200–250 g) rats were obtained from
Capital Medical University. Animals were reared under a
12:12 light cycle, and room temperatures were maintained at
22 °C [2].

Rats were randomly allocated to one of three groups (n =8
per group): OIS, sham OIS, and control. OIS animals
underwent a BOCCA procedure, under anesthesia induced
by intraperitoneal injection of a 7 % solution of chloral hy-
drate (Sigma Chemical, St Louis MO, USA) at a dose of
0.42 mg/g body weight. After subcutaneous injection of 5 %
procaine, the common carotid arteries were visualized through
a ventral midline incision, separated from the carotid sheath
and vagus nerve, and occludedwith 3–0 silk suture. ShamOIS
animals underwent all procedures, except occlusion of the
common carotid arteries. After OIS or sham OIS surgery, the
wound was closed and disinfected by medical grade alcohol,
after which animals recovered in their home cage. After this
initial recovery, animals were placed in a warm (36 °C) hu-
midified container. Control animals did not undergo any sur-
gical procedures. Experimental animals were followed for a 3-
month period [2]. At this time point, animals were sacrificed
by overdose with 10 % chloral hydrate, after which one eye
was used for paraffin embedded and the other for
biochemistry.

Histopathology and morphology of retina

Eyes were fixed in 4 % PFA for 1 h at 4 °C, and were then
embedded in paraffin. Sections were cut at a thickness of 7μm
along the horizontal/vertical meridian through the optic disc.
After staining with hematoxylin and eosin, we measured the
number of cells in the ganglion cells(RGCs), and the thickness
of the inner plexiform (IPL), inner nuclear (INL), outer plex-
iform (OPL), outer nuclear (ONL) layers. All measures were
made at 400X magnification, approximately 200 μm from the
optic disc using a light microscope (Leica DM6 B,
Heidelberg, Germany). For each eye, five sections for each
eye were measured and then averaged.

Double immunofluorescent staining

We double-labeled PFA-fixed retinal sections and obtained
images using a confocal Laser Scanning microscope (Leica
TCS SP8, Heidelberg, Germany). For RhoA and iNOS imag-
ing, sections were incubated with a rabbit monoclonal anti-
body against rat RhoA (1:300 dilution, Abcam) and a rabbit
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polyclonal antibody against rat iNOS(1:100 dilution, Abcam)
at 37 °C for 1 h, and subsequently with an Alexa Fluor 594
goat anti-rabbit IgG (1:200 dilution, Abcam) and an Alexa
Fluor 488 goat anti-rabbit (1:200 dilution, Abcam) at 37 °C
for 30 min. The procedure of MER1/ERK1/2 and
NOX2/ERK1/2 were the same with RhoA/iNOS. The sec-
tions were incubated with a rabbit polyclonal antibody against
rat MEK1(1:100, Cell Signaling Technology), a rabbit mono-
clonal antibody against rat ERK1/2(1:50, Cell Signaling
Technology), a rabbit polyclonal antibody against rat NOX2
(1:100, Abcam) and a rabbit monoclonal antibody against rat
ERK1/2(1:50, Cell Signaling Technology) respectively.

Biochemical analyses

Retinas were isolated from enucleated eyes in cold PBS. Prior
to biochemical study, isolated retinas were disrupted using a
tissue homogenizer.

In situ TUNEL labeling

Terminal deoxynucleotidyl transferase-mediated dUTP (2’-
deoxyuridine 5’-triphosphate) nick-end labeling (TUNEL) as-
say was used to evaluate apoptosis of the retinal injury after
treatment. The eyes were enucleated at a predetermined time
point, and retinal paraffin sections were prepared as previous-
ly described. Apoptosis of the retinal tissue was assessed using
the In Situ Cell Death Detection Kit (Merck, Germany) ac-
cording to the manufacturer’s instructions. The sections were
examined using light microscopy under×400 magnification.
TUNEL-positive cells were counted in six microscopic fields
in each eye with three adjacent areas on both sides of the optic
nerve head (1 mm from the optic nerve head). The obtained
scores were averaged.

Enzyme-linked immunosorbent assay (ELISA) test

RhoA/MEK1/ ERK1/2/iNOS and NOX2 activities were mea-
sured by ELISA according to the manufacturer’s instructions
using the following kits (all from Cloud-Clone Corp,
Houston, TX, USA): RhoA Assay Kit, MEK1 ELISA Kit,
ERK1/2 ELISA Kit, iNOS ELISA Kit, and NOX2 ELISA
Kit. ELISA measures were made at 450 nm using a
Multiskan™ FC (Thermo Fisher Scientific Inc, CA, USA),
following the manufacturer’s guidelines.

Measurement of malondialdehyde (MDA) and superoxide
dismutase (SOD)

MDA activity was depended on the measurement of pink
color produced by interaction of barbituric acid with MDA
caused by lipid peroxidation, using the MDA Assay Kit
(Nanjing Jiancheng Institute of Biological Engineering,

China). SOD activity was measured by using SOD Assay
Kit (Nanjing Jiancheng Institute of Biological Engineering,
China). Levels of SOD and MDAwere measured by WST-1
and TBA methods, respectively.

Statistical analysis

Results are expressed as the median (interquartile range) de-
viation. Statistical analyses were performed by Mann–
Whitney U test followed for between-group comparison using
SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA).
Differences were considered statistically significant at
P<0.05.

Results

Histological analysis of retinas

Figure 1a compares representative retinal sections obtained
from an animal in each experimental group. While no differ-
ence was noted between the overall thickness of control and
sham OIS retinas, nor of any cellular or plexiform layer, the
overall retinal thickness of the OIS retina was significantly
thinner (Fig. 1b). This thinning did not reflect a change in
the ONL, which was not different in the OIS retina as com-
pared to control (Fig. 1f). Instead, this thinning reflects a sig-
nificant reduction in the thickness of the INL, IPL, and OPL in
the OIS retina (Fig. 1c-e), along with a significant reduction in
the number of cells within the RGC layer (Fig. 1g).

Effect of OIS on RhoA/MEK1/ERK1/2/iNOS protein
and NOX2 activities

To understand the basis of these anatomical changes, we mea-
sured levels of RhoA, MEK1, ERK1, ERK2, iNOS, and
NOX2 in OIS and control retinas (Fig. 2). In comparison to
control and OIS sham retinas, which did not differ (all
p>0.05), the levels of these proteins were significantly ele-
vated in OIS retinas (Fig. 2a-f).

Confocal laser immunohistochemistry

We further examined the distribution of these proteins by im-
munofluorescence analysis by confocal microscopy, sections
4 μm thick were cut in the vertical meridian through the optic
disc. In the control retina, levels of iNOS and RhoAwere quite
low (Fig. 3). In comparison, iNOS and RhoA labeling was
elevated in all layers of the OIS retina (Fig. 3). When we
examined the distribution of ERK1/2, we noted that it was
present in all layers of the control retinas and was elevated
in the OIS retina (Figs. 4 and 5). In comparison, MEK (Fig. 4)
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and NOX2 (Fig. 5) expression was seen at very low levels in
the control retina, and was elevated in the OIS retina.

Apoptosis evaluation

To evaluate apoptosis, TUNEL staining (Fig. 6) was per-
formed. Higher levels of apoptotic bodies were observed ei-
ther in the inner nuclear layers (INL) and outer plexiform
layers (ONL) of the retina and in retinal ganglion cells
(RGC) of all BOCCA groups as compared to the control and
sham groups (Fig. 6). In addition, we measured the IOD
changes in retinas between three groups. The results showed
that IOD/Area rate significantly increased in the model group
compared with the sham group (p<0.01).

Effect of MDA levels and SOD activity

To determine the effect of OIS in lipid peroxidation, we
measured retinal levels of MDA. As shown in Fig. 7a,
MDA levels were increased in the OIS retinas (p< 0.01;
Fig. 7a) as compared with sham OIS and control groups.
We also measured SOD, and noted that retinal levels were
decreased in the OIS model (p< 0.01; Fig. 7b) as com-
pared with either control group.

Discussion

While OIS is a recognized clinical entity, the cellular mecha-
nisms underlying this condition have not yet been elucidated.
In the present study, we use a rat model of OIS to examine the
role of Rho/ROCK signaling, as these pathways have been
reported to make an important contribution in I/R injury.
The results of the present study indicate that overproduction
of NO by the activation of the RhoA/MEK1/ERK1/2/iNOS
pathway associate with overproduction of NO and lipid per-
oxidation to the retina injury in OIS rat model.

As OIS is recognized as a chronic retinal ischemic injury,
early study has been performed and the results showed that
there are no significant changes either in the rats’ retinal basic
function or biochemical tests until 2–3 months after BOCCA,
due to the rat compensatory function. We chose 3 months as a
time point and compared different changes in each group.

In our study, we documented high expression of RhoA
throughout the rat retina (Figs. 2 and 3). This expression pat-
tern agrees with a study of the mouse retina by Mitchell and
colleagues [19]. I/R injury is encountered in many tissues, and
in many clinically relevant conditions. Across these,
nitrosative stress has been shown to be a vital factor involved
in I/R cellular damage. In this model, iNOS expression is up-
regulated by I/R injury (Figs. 2 and 3), inducing overexpres-
sion of NO a biological signaling molecule which can

Fig. 1 Retina histopathology and morphology results. Retina
histopathology and morphology of Control group, Sham OIS group,
OIS group (a). Scale bar: 50 nm. Comparison of retinal thickness after

3 months (b-f), the number of cells within the RGC layer Bars (g), all
indicate median (interquartile range) (n = 8). * p < 0.01 vs. Sham group; #
p< 0.01 vs. Control group; Δ p > 0.05 vs. Control group
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generate superoxide anion (O2
−), creating peroxynitrite

(ONOO−), which then leads to lipid peroxidation as well as
cellular apoptosis and necrosis. Those secondary events in-
volve tyrosine residues on target tissue proteins [20]. COX-
2, induced by cytokines and growth factors, is a key protective
factor against I/R injury and inflammation [21]. By binding to
iNOS, COX-2 decreases prostaglandin formation [22], in a
MAPK-dependent faction [23–25]. MAPKs, including
RhoA, MEK1/2, ERK1/2, are important mediators of inflam-
matory damage. RhoA, a member of the Ras family, has two
main stable states, bound either to guanosine diphosphate
(GDP) or guanosine triphosphate (GTP). The active form of
RhoA, RhoA-GTP, regulates multiple downstream targets, in-
cluding Raf kinase, which phosphorylates MEK1/2, which in
turn activates ERK1/2.This MEK/ERK pathway plays many
biological roles, including modulation of iNOS [26]. In a
hindlimb I/R injury model, Sariet al. [17] reported the roles
of NO and superoxide in response to oxidative and nitrosative
stress, although they did not evaluate the role of the
RhoA/MEK1/ERK1/2/iNOS pathway.

In the present study, we also examined MAPK and Ras/
Raf/MEK/ERK pathways, which plays important roles in mi-
tosis [27]. In the OIS rat model, the up-regulation of
MEK1/ERK1/2 may reflect its function in cell proliferation
(Fig. 6). Along with chronic retina ischemia, INL cell apopto-
sis and activation of RhoA, downstreamMEK1/ERK1/2 path-
ways were activated, and ERK1/2 were then transferred into
the nucleus (Figs. 3, 4, and 5).

Since changes of nNOS are valuable to comprehensively
understand the pathogenesis of retinal ischemia [28, 29], we
tested the expression of iNOS in BOCCA rats in this study
(Fig. 3). As NO, a catalyzed product of iNOS, is a controver-
sial molecule. NO can exert a deleterious effect on cells by
generating toxic oxynitride, it also meditates blood supply
maintenance by dilating blood vessels. NO could react with
superoxide, which mainly generated by NOX2 (NOX2; a su-
peroxide generating NOX enzyme) and p47phox (NOXO2;
organizer subunit of NOX2) to form peroxynitrite (a powerful
oxidant and nitrating molecule), and could lead to
nitrotyrosine formation by reacting with proteins

Fig. 2 The effect of the RhoA/MEK1/ERK1/2/iNOS signaling pathway
and NOX2 in OIS rat retinas. Activities of RhoA (a), MEK1 (b), ERK1
(c), ERK2 (d), iNOS (e), NOX2 (f) in rat retinas of each group. The figure
shows that the RhoA/MEK1/ERK1/2/iNOS pathway and NOX2 was

highly expressed in OIS rat retina model compared with Control group
and ShamOIS group. Bars indicate median (interquartile range) (n = 8). *
p < 0.01 vs. Sham group; # p < 0.01 vs. Control group; Δ p> 0.05 vs.
Control group
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subsequently. Folino A et al. and Han J et al. [26, 30] have
proved that peroxynitrite got involved in NO-dependent path-
ogenic mechanism while body was enduring with ischemia/
reperfusion or inflammatory. According to iNOS and NOX2

expression results (Figs. 3 and 5), we observed that NO sig-
nificantly get involved in retinal ischemia injury.

According to the early research, selectively pharmacologi-
cal blockage of MAPK pathway, drugs such as U0126 (a

Fig. 3 RhoA and iNOS expression in rat retinas. Double immunofluorescent staining of RhoA and iNOS was observed by confocal laser scanning. The
imagine showed that RhoA and iNOS expression were up-regulated in the OIS group

Fig. 4 MEK1 and ERK1/2 expressions in rat retinas. Double immunofluorescent staining of MEK1 and ERK1/2 was observed by confocal laser
scanning. MEK and ERK expression in OIS group was much higher than the Control group and Sham OIS group
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Fig. 6 Cell apoptosis in rat retinas. Higher levels of apoptotic bodies were observed either in the inner nuclear layers (INL) and outer plexiform layers
(ONL) of the retina and in retinal ganglion cells (RGC) of all BOCCA induced groups as compared to the control and sham groups

Fig. 5 ERK1/2 and NOX2 expression in rat retinas. Double
immunofluorescent staining of ERK1/2 and NOX2 was observed by
confocal laser scanning. The result showed that iNOS and NOX2

expression were highly detected in the OIS group compared with the
Control group and Sham OIS group
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MAPK/ERK kinase inhibitor), can significantly prevent func-
tional loss of the RGCs [29, 31]. In addition, another study
showed thatMAPK pathway get involved in iNOS production
and result in retina ischemia injury during ischemia and reper-
fusion [28]. Since ERK/iNOS pathway has been once reported
get involved in retina chronic ischemia, according to results
above we could easily conclude that RhoA/MEK/ERK/iNOS
pathway may participated in BOCCA rat model.

The results of this study indicated that OIS rat model
caused a decrease in SOD and an increase in MDA (Fig. 7),
as markers of oxidative stress and an index for lipid peroxida-
tion, respectively. In OISmodel retina would bring about large
amount of free radical concentrating. In dealing with this ab-
normal, radical scavenging system auto-started to suppressed
consumption and maintain homeostasis. It was known that
oxidative stress uploaded secondary to acute ischemia and
regulating ROCK expression. Therefore, these results suggest
that activation of the RhoA/MEK1/ERK1/2/iNOS pathway
associated with oxidative/nitrosative stress and inflammation
contributes to OIS induced chronic ischemia injury in rat ret-
inas (Fig. 8).

In the OIS retina, the result in consistent with the impres-
sion that RhoA plays many roles in the retina, from develop-
ment and differentiation, but with a substantially decreased
role in adulthood [19]. Szabadfi [32, 33] reported that retinal
ischemia would activate tissue inflammatory responses and
apoptosis (Fig. 6), resulting in neurodegeneration. Taken to-
gether, we propose that the active form of RhoA, namely

GTPase bound RhoA, makes a greater contribution to trans-
duce signals from extracellular and regulate cell growth.

Consistent with a prior report [13], the IPL, INL, ONL and
GCL layers were significantly reduced in our OIS model
(Fig. 1). These changes are likely secondary to the obstructed
choroidal circulation achieved after BOCCA. The central ret-
inal artery is the main vasculature to the inner retina. In the
BOCCAmodel, blood flow through the central artery is great-
ly diminished, leading to inner retinal ischemia [34].

In this study, we did not determine whether the expression
changes in the RhoA/MEK1/ERK1/2iNOS pathway were al-
so altered in the brain, but note that Allen et al. [35] have
shown that the BOCCA model is associated with brain dam-
age due to the increased levels of oxidative stress and the
decreased metabolic support. Using a model of middle cere-
bral artery occlusion (MCAO), Koh et al. [36] linked the brain
injury to activity within the Raf/MEK1/ERK1/2/RSK/Bad
pathway.While not specifically examined, we can assume that
the BOCCA model used here will also increase activity of the
RhoA/MEK1/ERK/1/2/iNOS pathway in the rat brain.

In conclusion, the present study provides evidence that
BOCCA induced chronic retinal ischemia leads to inflamma-
tion via activation of the RhoA pathway resulting in increased
levels of MEK1, ERK1/2, and iNOS expression, and subse-
quent development of oxidative and nitrosative stress.
Figure 8 presents a diagram of this pathophysiological model.
Although this model identifies a number of points at which the
pathophysiological process may be ameliorated, the observed

Fig. 7 Activities of MDA and SOD in OIS rat model. MDA activity was significantly elevated in OIS rat model compared with the Control group and
Sham OIS group (a). In comparison, SOD activity was significantly lower in the OIS group than other groups (b)
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ERK1/2 activity iNOS activity NO production

Raf

MEK1 activity

Peroxynitrite production Nitrotyrosine Protein 

MDA

SOD

Lipid Peroxidation

Antioxidant Enzyme Activity

OIS retinal ischemia injuryNOX2

O2- NONitrosative Stress 

O2-

O2-

Oxidative&Inflammation

Fig. 8 Schematic diagram showing the BOCCA induced chronic retinal ischemia, which results in inflammation and oxidative, which involve activation
of the RhoA leading to an increase in the MERK1/ERK1/2/iNOS pathway and subsequent nitrosative stress, in OIS model. (↑), increase
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up-regulation of the RhoA/MEK1/ERK1/2/iNOS pathway
may not be the only pathway underlying oxidative and
nitrosative stress during OIS retina injury, and further research
is needed to completely characterize this model. Nevertheless,
the information provided here suggest that selective inhibitors
or drugs could be beneficial in preventing retinal degeneration
by restoration of expression and/or activity of the RhoA/
MEK1/ERK1/2/iNOS pathway as well as oxidant/
antioxidant balance in the OIS rat model and point out a
new method of dealing with OIS retina injury.
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