
陨灶贼 允 韵责澡贼澡葬造皂燥造熏 灾燥造援 4熏 晕燥援 4熏 Aug.18, 圆园11 www. IJO. cn
栽藻造押8629原愿圆圆源缘员苑圆 8629-83085628 耘皂葬蚤造押陨允韵援 圆园园园岳员远猿援糟燥皂

窑Basic Research窑

Potential involvement of nitric oxide synthase but
not inducible nitric oxide synthase in the devel -
opment of experimental corneal neovascularization

Foundation items: National Natural Science Foundation of China
(No. 30771978 and 30972712); Natural Science Foundation of
Jiangsu Province (BK2006528); Qing-Lan Project of Education
Bureau of Jiangsu Province (Lu PR)
Department of Ophthalmology, the First Affiliated Hospital of
Soochow University, Suzhou 215006, Jiangsu Province, China
Co-first authors: Yuan Chen and Gao-Qin Liu
Correspondence to: Pei-Rong Lu. Department of Ophthalmology,
the First Affiliated Hospital of Soochow University, Suzhou
215006, Jiangsu Province, China. lupeirong@yahoo.com.hk
Received:2011-07-18 Accepted:2011-07-29

Abstract
· AIM: To investigate the effect of nitric oxide and its

synthetase on experimental corneal neovascularization
(CRNV).

·METHODS: CRNV was induced by alkali injury in mice,

nitric oxide synthetase (NOS) was inhibited by
NG-nitro-L-arginine (L-NAME) and inducible nitric oxide
synthetase (iNOS) was inhibited by aminoguanidine
hemisulfate salt (AG). The inhibitory effect was detected at
day 2 and 4 after corneal alkali injury by reverse transcription
polymerase chain reaction (RT-PCR). CRNV was compared
between the control and the treated mice by microscopic
observation and corneal whole mount CD31 immunostaining.

·RESULTS: The inhibition of L-NAME to NOS and AG to iNOS

after corneal injury was confirmed by RT-PCR ( <0.05).
Compared with control mice, L-NAME treated mice exhibited
significantly decreased CRNV areas ( <0.05). In contrast, AG
treatment failed to attenuate alkali induced CRNV ( >0.05).

·CONCLUSION: Our findings suggest that NOS but not iNOS

plays a critical role in alkali injury induced CRNV.
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INTRODUCTION

C ornea is characterized by the absence of blood vessels
and hematopoietic cells including erythrocytes and

leukocytes under physiological conditions [1]. Corneal
avascularity is required for optical clarity and maintenance
of vision. Corneal neovascularization (CRNV) arises from
many causes including corneal infections, misuse of contact
lens, chemical burn, and inflammation, and can lead to
severe impaired vision. We previously observed in the early
phase after alkali injury induced experimental CRNV,
leukocyte including neutrophils and macrophages recruited
to the injured corneas, and then produced serials of
chemokines and proinflammatory factors. The intracorneal
infiltrated neutrophils and macrophages exert complicated
roles, by utilizing different chemokine receptor and
proinflammatory signals in the development of experimental
CRNV [2-6]. We also found the time kinetic expression of
iNOS during the experimental CRNV and the murine
macrophage expressed iNOS, which suggest the potential
role of nitric oxide and its synthetase on experimental
CRNV[6].
Nitric oxide (NO) is a pleiotropic regulator and plays a role
in a variety of models of angiogenesis. The family of nitric
oxide synthases (NOS) comprises inducible NOS (iNOS),
endothelial NOS (eNOS), and neuronal NOS (nNOS). Nitric
oxide (NO) seems to have proangiogenic or anti-angiogenic
effects depending upon the setting. Ando [7,8] observed
that deficiency of eNOS suppresses retinal but not CNV,
whereas deficiency of nNOS or iNOS suppresses choroidal,
but not retinal neovascularization. She [9] observed the
effect of NOS on PDT treated experimental CNV and they
found there was no difference in CNV size and leakage
between L-NAME treated to control rats. These data suggest
that NO contributes to both retinal and CNV and that
different isoforms of NOS are involved in different settings
and different disease processes.
Thus, it still remains to be investigated on the roles of the
NOS family in CRNV. To further address the roles of nitric
oxide and its synthetase on experimental CRNV, in the
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current study, we used L-NAME and AG to inhibit NOS and
iNOS expression during alkali injury and compared the
alkali injury induced experimental CRNV.
MATERIALS AND METHODS
Reagents and antibodies Rat anti-mouse CD31 (MEC13.
3) mAbs were purchased from BD Pharmingen (San Diego,
CA). Alexa Fluor 488 donkey anti-rat IgG was purchased
from Invitrogen Life Technologies(Carlsbad,CA). NG-nitro-
L-arginine (L-NAME), aminoguanidine hemisulfate salt
(AG), sodium hyaluronate (HA), and Avertin were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA).
Mice Specific pathogen-free 6-7 week old male BALB/c
mice weighing 20-25g were obtained from Shanghai SLAC
Laboratory Animal Co. Ltd and were kept in our animal
facility under specific pathogen-free conditions. All animal
experiments were done in accordance with the Guideline for
the Care and Use of Laboratory Animals on the Chinese
Medical Academy and the Soochow University Animal Care
Committee, and with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Animals were
kept in groups of 5 and fed regular lab chow and water ad
libitum. A 12-hour day and night cycle was maintained.
Alkali -induced corneal injury model Alkali-induced
corneal injury model was prepared for target genes detection
and CRNV areas analysis. Six to seven week-old 40
BALB/c mice were divided into 4 groups. Each group
contained 10 mice. Among them, two groups were treated
with L-NAME or AG respectively. Another two groups were
saved as control for each treated groups. Corneal injury was
induced by placing a 2-mm filter disc saturated with 1N
NaOH onto the left eye of the mouse for 50 seconds in
L-NAME treated study or 40 seconds in AG treated study
(50 seconds treatment resulted in similar but not impaired
CRNV, to ruled out the possibility of enhanced CRNV in
AG treated group, we next selected 40 seconds) as
previously described [2-6]. L-NAME (100mg/kg/day) in
drinking water was given in treated group 1 week before
alkali injury. In AG related experiments, the alkali-treated
eyes received 5滋L of AG in 0.2% HA at a concentration of
60mg/mL to inhibit iNOS expression, or 5滋L of 0.2%
sodium hyaluronate as vehicle three times a day for 14 days
immediately after the alkali injury. In the experiment for
CRNV area detection, at the indicated time intervals, the
treated or the control mice were sacrificed, and corneas were
removed and fixed in acetone for 20 minutes. The corneas
were used for whole mount CD31 staining. In other
experiments for target gene detection, at the indicated time
after alkali injury, the corneas were removed and placed
immediately into RNALate (Qiagen, Tokyo, Japan), and

kept at -86℃ until total RNA extraction was performed.
Each experiment was repeated at least three times.
Biomicroscopic examination Eyes were examined with a
slit lamp from Haag Streit (BQ 900誖 , Swiss made), and
results were photographed on day 14. In brief, under
anesthesia, photographs of the corneas were obtained using a
digital camera (Nikon, Tokyo, Japan) linked to the slit lamp.
Enumeration of corneal neovascularization Corneal
whole mount staining with CD31 was performed and blood
vessels in the corneas were measured according to previous
reports [10]. In brief, Corneal flat mounts were rinsed in PBS,
fixed in acetone, rinsed in PBS, blocked in 2% bovine serum
albumin, stained with rat anti-mouse CD31 (1:100; BD
Pharmingen) at 4℃ overnight, washed, the corneas were
then incubated with Alexa Fluor 488 donkey anti-rat IgG
(1/100) for 1 hour at room temperature in the dark and
detected by microscope. Digital pictures of the flat mounts
were taken. Then, the area covered by CD31 was measured
morphometrically on these flat mounts using NIH Image
software (National Institutes of Health, Bethesda, MD). The
total corneal area was outlined using the innermost vessel of
the limbal arcade as the border. The total area of
neovascularization was then normalized to the total corneal
area, and the percentage of the cornea covered by vessels
was calculated. The relative neovascular area was compared
between treated group and control group. We used Student's

test to statistically analyze the difference between treated
and control group.
Semi -quantitative reverse transcription (RT) -
polymerase chain reaction (PCR) Total RNAs were
extracted from the corneas with the use of RNeasy Mini Kit
(Qiagen, Tokyo, Japan). The resultant RNA preparations
were further treated with ribonuclease-free deoxyr-
ibonuclease(DNase) I (Life Technologies Inc., Gaithersburg,
MD) to remove genomic DNA. 2滋g of total RNAs were
reverse-transcribed at 42℃ for 1 hour in 20滋L of reaction
mixture containing mouse Moloney leukemia virus reverse
transcriptase and hexanucleotide random primers (Qiagen).
Serially two-fold diluted cDNA was amplified for GAPDH
to estimate the amount of transcribed cDNA. Then, equal
amounts of cDNA products were amplified for the target
genes using the primers under the following conditions;
denaturation at 94℃ for 2 minutes, followed by the optimal
cycles of 30 seconds at 94℃ , 45 seconds at 56-58℃ , 1
minute at 72℃ , and a final 10 minutes extension step at
72℃ . Primers and PCR conditions used were shown in
Table 1. The amplified PCR products were fractionated on a
1.0% agarose gel and visualized by ethidium bromide
staining. The band intensities were measured and their ratios
to GAPDH were determined with the aid of NIH Image
Analysis software.

Effect of nitric oxide and its synthetase on experimental CRNV
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Statistical Analysis The means and standard error of the
mean (SEM) were calculated for all parameters determined
in the study. Values were processed for statistical analyses
(Student's test) with statistic software SPSS13.0. A value
of <0.05 was considered statistically significant.
RESULTS
Effect of NOS on alkali induced corneal
neovascularization In the present result, we used oral
administration of L-NAME to inhibit NOS expression after
alkali injury. To observe the inhibitory effect of L-NAME to
NOS, we detected the NOS expression after alkali injury by
RT-PCR. RT-PCR result showed that L-NAME treated mice
exhibited decreased intra-corneal NOS mRNA ( <0.05)
expression in the early phase (day 2, day 4) after alkali
injury compared with control group (Figure 1). The result
revealed that the administration of L-NAME in drinking
water could efficiently inhibit the NOS expression in the
cornea after alkali injury.
Next, we observed the effect of NOS on alkali induced
CRNV. Micro-observation about the CRNV 2 weeks after
alkali injury showed the impaired CRNV after NOS
inhibition compared to control (Figures 2A and 2B). Corneal
whole mount staining by CD31, a neo-vascular marker,
further indicated the impaired CRNV in L-NAME treated
mice compared to those of control mice (Figures 2C and 2D).
The corneal neovascularization area in L-NAME treated
group was significantly decreased compared to control mice
as shown in Figure 2E.
Effect of iNOS on alkali injury induced experimental
corneal neovascularization To observe the effect of iNOS
on CRNV, we next inhibited the iNOS expression after
alkali injury by AG topical administration. We detected the
iNOS expression after alkali injury by RT-PCR and the
result as shown in Figure 3 indicated the iNOS expression
was significantly decreased in AG treated mice compared to
the control mice. These results would confirm the inhibitory
effect of AG on iNOS expression.
We further observed the effect of iNOS on alkali induced
CRNV. Micro-observation about the CRNV 2 weeks after
alkali injury showed no difference between AG treated mice
to control mice (Figures 4A and 4B). Corneal whole mount
staining further indicated the similar alkali induced CRNV in
AG treated mice compared to those of control mice (Figures

Figure 1 The NOS gene expression in the control and L -
NAME treated mice at day 2 and 4 after alkali injury
RT-PCR shows that L-NAME treated mice exhibited decreased
intra-corneal NOS mRNA expression in the early phase (day 2, day
4) after alkali injury compared with control group. A representative
result from three experiments is shown (a <0.05 control)

4C and 4D). There was no significant difference of corneal
neovascularization area evaluated by corneal whole mount
CD31 staining between AG treated mice to control mice as
shown in Figure 4E.
DISCUSSION
Normal corneas are avascular and this state is maintained by
the balance between angiogenic factors and anti-angiogenic
factors. In some conditions such as infection, trauma, edema
and so on, the expression balance of these factors was
broken and angiogenic factors was dominated, CRNV would
be inevitably formed. To our knowledge, nitro oxygen is
characteristic by its chemical activation being biological
messenger and plays an important role in series of
physiological and pathological progress. In this study, we
investigated the role of NO and its synthetase in alkali injury
induced inflammatory CRNV.
According to our previous report [2], in alkali injury induced
CRNV model, CRNV was evident at 7 days, peaked at 14
days after injury and declined gradually there after as
detected by immunostaining with anti-CD31 antibodies.
Many inflammatory cells infiltrated into the corneas and
peaked at 2 days to 4 days after injury, after which
inflammatory cell infiltration declined gradually and was

Table 1  Specific sets of primers and conditions of PCR 
Primers Nucleotide sequence(5’→3’) sense/anti-sense Annealing temperature(℃) PCR Cycles 
NOS 5'-CTGGCTCGCTTTGCCACGGA-3' 

5'-TGCGACAGCAGGAAGGCAGC-3' 58 35 

iNOS 5'-CTGCTGTACCTCCACCATGCCAAGT-3' 
5'-CTGCAAGTACGTTCGTTTAACTCA-3' 56 35 

GAPDH 5'-ACCACAGTCCATGCCATCAC-3', 
5'-TCCACCACCCTGTTGCTGTA-3' 58 25 
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Figure 2 The observation of CRNV at day 14 after alkali
injury A: microscopic observation shows that new vessels have
arrived pupillary zone of the corneas in control group; B: new
vessels have just passed the corneal limbus in L-NAME treated
group; C: immunofluorescence shows the new vessels have spread
over the cornea in control group; D: immunofluorescence shows
the new vessels have arrived pupillary zone of the cornea in
L-NAME treated group; E: the L-NAME treated mice exhibited
significantly decreased CRNV area compared to the control ( =
2.322, a <0.05 control)

Figure 3 The iNOS gene expression in the control and AG
treated mice at day 2 and 4 after alkali injury RT-PCR shows
that AG treated mice exhibited decreased intra-corneal iNOS
mRNA expression in the early phase (day 2, day 4) after alkali
injury compared with control group. A representative result from
three experiments is shown (a <0.05 control)

Figure 4 iNOS on CRNV day 14 after alkali injury A and B:
microscopic observation shows that new vessels of AG treated and
control mice have arrived pupillary zone of the corneas; C and D:
immunofluorescence indicated the new vessels of AG treated and
control mice have arrived pupillary zone of the corneas; E: no
significant difference was observed by statistical analysis ( = -1.852,
a <0.05 control)

marginal at 14 days after the injury. CRNV formation was
promoted by angiogenic factors that secreted by corneal
tissue and intra-corneal infiltrated inflammatory cells. In this
study, we detected NOS and iNOS expression at day 2 and
day 4 after alkali injury. We detected the cornea
neovascularization 14 days after injury, and compared the
difference between control group and intervention group.
NO is synthesized from L-arginine catalyzed by NOS. It is a
kind of short-life active molecules, which is hard to be
detected. In the current study we indirectly observed the
expression of NO by detecting NOS. As we know, NOS can
be divided into three types according to their different
sources: nNOS, eNOS and iNOS. The first two were
constitutive types which were physiologically provider for
NO while the iNOS was expressed mainly under
inflammatory circumstance. L-NAME is a non-selective
NOS inhibitor, which can inhibit all types of NOS [11,12]. In a
Cerebral ischemia and colitis animal model, inhibited NOS
by L-NAME resulted in the significantly inhibited
development of new blood vessels[13,14]. In our study of alkali
injury induced CRNV, we treated mice with L-NAME by
oral administration. Our RT-PCR results showed that the
NOS expression were decreased in corneal tissue of treated
mice and the CRNV area were markedly reduced, indicating

Effect of nitric oxide and its synthetase on experimental CRNV
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that NOS plays an important role of angiogenesis in alkali
injury induced CRNV.
NO was mainly catalyzed by iNOS in inflammatory
pathological conditions. In our study we found that inhibit
iNOS couldn't inhibit CRNV. It seems to be contradictory
with the previous reports. NO was generated from
L-arginine by the catalyzing of NOS. iNOS is the main but
not only provider of NO in inflammatory pathological
conditions. Under the inflammatory response, eNOS and
nNOS are also catalyzed to generated NO. Different types of
NOS may play different role in angiogenesis. Ando [7,8]

observed that deficiency of eNOS suppresses retinal but not
CNV, whereas deficiency of nNOS or iNOS suppresses
choroidal, but not retinal neovascularization. Using ischemic
induced limb angiogenesis model, Kimura [15] observed
eNOS knockout mice and iNOS knockout mice resulted in
different angiogenesis. L-NAME is a kind of NOS inhibitor,
our RT-PCR result showed that in alkali injury induced
CRNV, the expression of NOS in L-NAME treated group
was inhibited, which suggesting decreased NO generation.
Our result of impaired CRNV in experiment group suggests
that NO plays a role of promoting angiogenesis in alkali
induced CRNV. Different to L-NAME, AG is a selective
iNOS inhibitor and it can inhibit iNOS gene expression
thereby inhibit NO production. By topic administration of
AG, we did not found CRNV area change between treated
and control group. This result suggests that iNOS does not
play a key role in CRNV development. Based on above
findings, we concluded that in the process of alkali induced
CRNV NO but not iNOS promote the formation and
development of CRNV. In addition, we observed that the
VEGF expression in corneal tissue have a trend of increase
after intervention with iNOS (data not shown) although the
CRNV area was not significantly increased. However, the
possibility that the increased anti-angiogenic factor
expression after the iNOS intervention and the rebalance of
angiogenic and anti-angiogenic factors can not be ruled out.
We will further explore it in future research.
The roles of iNOS in angiogenesis are still obscure. There
are conflicting reports on the roles of iNOS in angiogenesis.
In chick chorioallantoic membrane study, Pipili [16] used
a large number of LPS to induce iNOS expression and found
that the formation and development of new blood vessels
was inhibited. In oxygen induced-retinopathy study,
Sennlaub [17] found that iNOS can inhibit the expression
of VEGF to inhibit the development of new blood vessels.
On the other hand, in the study of gastric cancer animal
model, iNOS inhibition by AG resulted in impaired tumor
angiogenesis [18]. In gastric ulcer study, ulcer repair function
by exogenous VEGF was completely blocked by inhibiting

the expression of iNOS [19]. More over, iNOS has also been
reported to have no effect on angiogenesis, such as in herpes
simplex virus-induced experimental viral keratitis [20]. In our
experiment we found that in alkali induced CRNV, iNOS
did not promote angiogenesis. This may be due to different
organization or different pathological environment and the
effect of iNOS on angiogenesis may depend on the
environment.
As we know, CRNV developed under the extremely
complex and dynamic network. At present the effect of
iNOS in inflammatory CRNV are not fully understood yet.
What factors contributed to the different roles of iNOS in
different environment? What is the relationship between
eNOS and nNOS in the inflammatory CRNV? More
investigative work needs to be done to clarify the role of
nitric oxide and its synthetase in CRNV and it will provide
experimental basis for clinical treatment of neovascular eye
disease.
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