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ABSTRACT

Nitric oxide (NO) promotes retinal and choroidal neovasculariza-
tion, although different isoforms of nitric-oxide synthetase (NOS)
are critical in each. Deficiency of endothelial NOS (eNOS) sup-
presses retinal but not choroidal neovascularization, whereas de-
ficiency of neuronal NOS (nNOS) or inducible NOS (iNOS) sup-
presses choroidal, but not retinal neovascularization. In this study,
we investigated the effect of N®-monomethyl-L-arginine (L-
NMMA), a nonspecific NOS inhibitor, in three models of ocular
neovascularization. Oral administration of L-NMMA caused signif-
icant inhibition of choroidal neovascularization in mice with laser-
induced rupture of Bruch’s membrane and significantly inhibited
subretinal neovascularization in transgenic mice with expression
of vascular endothelial growth factor (VEGF) in photoreceptors
(rho/VEGF mice) but did not inhibit retinal neovascularization in
mice with ischemic retinopathy. By extensive mating among mice

deficient in NOS isoforms, triple homozygous mutant mice defi-
cient in all three NOS isoforms were produced. These mice had
marked suppression of choroidal neovascularization at sites of
rupture of Bruch’s membrane and near-complete suppression of
subretinal neovascularization in rho/VEGF mice but showed no
difference in ischemia-induced retinal neovascularization com-
pared with wild-type mice. These data indicate that NO is an
important stimulator of choroidal neovascularization and that re-
duction of NO by pharmacologic or genetic means is a good
treatment strategy. However, the situation is more complex for
ischemia-induced retinal neovascularization for which NO pro-
duced in endothelial cells by eNOS is stimulatory, but NO pro-
duced in other retinal cells by iINOS and/or nNOS is inhibitory.
Selective inhibitors of eNOS may be needed for treatment of
retinal neovascularization.

Nitric oxide (NO) is a signaling molecule with pleiotropic
effects. One of its well-characterized functions is as a medi-
ator of vascular dilation and permeability (Furchgott and
Zawadzki, 1980; Moncada et al., 1991). Vascular endothelial
growth factor (VEGF) also increases dilation and permeabil-
ity of blood vessels, and there is evidence to suggest that NO
may be involved in the VEGF signaling pathway (Ku et al.,
1993; Fischer et al., 1999). In some settings, levels of NO are
elevated during VEGF-induced angiogenesis and tumor
growth (Leibovich et al., 1994; Jenkins et al., 1995; Ziche et
al., 1997). Furthermore, some types of neovascularization are
suppressed by blockade of NO production (Ziche et al., 1994;
Montrucchio et al., 1997; Gallo et al., 1998; Jadeski and Lala,
1999; Lee et al., 2000). However, NO inhibits other types of
angiogenesis (Pipili-Synetos et al., 1994, 1995; Hatjikondi et
al., 1996; Norrby, 1998; Sennlaub et al., 1999; Jia et al., 2000;
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Powell et al., 2000). Therefore, depending upon the setting,
NO may have either proangiogenic or antiangiogenic effects.

There are three isoforms of nitric-oxide synthase (NOS),
the enzyme that synthesizes NO. Each NOS isoform is coded
by a separate gene and the isoforms have distinct but over-
lapping tissue distribution [for review, see Kone (2001)].
Neuronal NOS (nNOS or NOS1) is the predominant isoform
expressed in neurons, but it is also expressed in other tissues,
including skeletal muscle and airway epithelium. It is con-
stitutively expressed, but its level of expression may also be
modulated. Inducible NOS (iNOS or NOS2) is somewhat
difficult to localize, because it generally has low or undetect-
able basal expression levels and is identifiable only in the
presence of certain cytokines or other stimuli. It has been
demonstrated in alveolar macrophages, bronchial airway ep-
ithelium, uterus, ileum, and platelets. Endothelial NOS
(eNOS or NOS3) is the predominant isoform in vascular
endothelial cells, but it is also expressed in some other tis-
sues. It is not known why three isoforms of NOS are needed.

Several studies have investigated the localization of NOS
isoforms in ocular tissues (Goureau et al., 1993, 1994;
Yamamoto et al., 1993; Park et al., 1994; Fischer and Stell,
1999). These studies suggest that nNOS is present in several

ABBREVIATIONS: NO, nitric oxide; VEGF, vascular endothelial growth factor; NOS, nitric-oxide synthase; nNOS, neuronal nitric-oxide synthase;
iNOS, inducible nitric-oxide synthase; eNOS, endothelial nitric-oxide synthase; L-NMMA, Né-monomethyl-L-arginine; GSA, Griffonia simplicifolia

lectin; TBS, Tris-buffered saline; CCD, charge-coupled device.
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types of retinal neurons, particularly amacrine cells. It is also
present in choroidal and extraocular blood vessels, and cho-
roidal nerve fibers. Inducible NOS has been localized to ret-
inal pigmented epithelial cells, Muller cells, and invading
inflammatory cells.

We recently used a genetic approach to investigate the
effect of selective deficiency of each of the isoforms of NOS in
three models of ocular neovascularization (Ando et al., 2002).
Deficiency of any of the three isoforms resulted in reduced
neovascularization in rho/VEGF transgenic mice, whereas
nNOS or iNOS deficiency suppressed choroidal neovascular-
ization, and eNOS deficiency selectively suppressed isch-
emia-induced retinal neovascularization. These data indicate
differences regarding the relative importance of particular
NOS isoforms in retinal and choroidal neovascularization but
suggest that a net decrease in NO-producing capacity has a
negative impact on ocular neovascularization. This implies
that pharmacologic or genetic inhibition of all of the NOS
isoforms should inhibit ocular neovascularization. In this
study, we sought to test that hypothesis by investigating in
three models of ocular neovascularization the effect of N©-
monomethyl-L-arginine (L-NMMA), which inhibits all three
NOS isoforms. As a complementary approach, we generated
triple knockout mice deficient in all three NOS isoforms and
tested them in the three models of ocular neovascularization.

Materials and Methods

Genetically Engineered Mouse Models. The protocol for this
study was approved by the Animal Care and Use Committee of the
Johns Hopkins University School of Medicine. All mice were treated
in accordance with the recommendations of the Association for Re-
search in Vision and Ophthalmology and the U.S. National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.
Mice with targeted disruption of the eNOS gene were obtained from
Dr. Paul Huang (Boston, MA) (Huang et al., 1995). Mice with tar-
geted disruption of the iNOS gene (Laubach et al., 1995) and mice
with targeted disruption of the nNOS gene (Huang et al., 1993) were
obtained from The Jackson Laboratory (Bar Harbor, ME). Each of
the three types of NOS mutant mice was bred into a C57BL/6
background and then crossed with the other types. Heterozygous
offspring were crossed multiple times to obtain triple knockouts
deficient in all three NOS isoforms. The method of genotyping to
identify the mutant NOS alleles has been described previously (Ando
et al., 2001). Transgenic mice with increased expression of VEGF in
photoreceptors were generated and characterized as described pre-
viously (Okamoto et al., 1997; Tobe et al., 1998a).

Model of Oxygen-Induced Ischemic Retinopathy. Ischemic
retinopathy was produced in mice deficient in all 3 isoforms of NOS
or control mice with the same genetic background (C57BL/6) by a
method described by Smith et al. (1994). Seven-day-old (P7) mice and
their mothers were placed in an airtight incubator and exposed to an
atmosphere of 75 = 3% oxygen for 5 days. Incubator temperature
was maintained at 23 + 2°C, and oxygen was measured every 8 h
with an oxygen analyzer. After 5 days, the mice were removed from
the incubator and placed in room air. Some of the wild-type C57BL/6
mice were treated once a day by gavage with 80 mg/kg of L-NMMA
(Sigma-Aldrich, St. Louis, MO) between P12 and P17. At P17, after
5 days in room air, mice were sacrificed, and eyes were rapidly
removed and frozen in optimum cutting temperature embedding
compound (OCT; Miles Diagnostics, Elkhart, IN).

Quantitation of Retinal Neovascularization. Frozen sections
(10 pm) of eyes were histochemically stained with biotinylated Grif-
fonia simplicifolia lectin B4 (GSA; Vector Laboratories, Burlingame,
CA) which selectively binds to vascular cells. Slides were incubated

in methanol/H,0, for 10 min at 4°C, washed with 0.05 M Tris-
buffered saline, pH 7.6 (TBS), and incubated for 30 min in 10%
normal porcine serum. Slides were incubated 2 h at room tempera-
ture with biotinylated GSA and after rinsing with 0.05M TBS, they
were incubated with avidin coupled to peroxidase (Vector Laborato-
ries) for 45 min at room temperature. After being washed for 10 min
with 0.05 M TBS, slides were incubated with diaminobenzidine to
give a brown reaction product, counterstained with eosin, and
mounted with Cytoseal.

To perform quantitative assessments, 10-um serial sections were
cut through each eye and sections from one side of the eye, in which
the iris was first visualized, to the last section on the other side of the
eye, which contained peripheral iris, were collected. Sections roughly
50 to 60 wm apart were stained with GSA providing 13 sections per
eye for analysis. GSA-stained sections were examined with an Ax-
ioskop microscope (Zeiss, Thornwood, NY) and images were digitized
using a three-CCD color video camera (IK-TU40A; Toshiba, Tokyo,
Japan) and a frame grabber. Image-Pro Plus software (Media Cy-
bernetics, Silver Spring, MD) was used to delineate GSA-stained
cells on the surface of the retina and their area was measured. The
mean of the 13 measurements from each eye was used as a single
experimental value.

Model of Choroidal Neovascularization. Choroidal neovascu-
larization was generated by a technique described previously (Tobe
et al., 1998b). Briefly, adult mice deficient in all three isoforms of
NOS or NOS-sufficient mice with the same genetic background were
anesthetized with ketamine hydrochloride (100 mg/kg body weight)
and the pupils were dilated with 1% tropicamide. Three burns of
532-nm diode laser photocoagulation (75-um spot size, 0.1-s dura-
tion, 120 mW) were delivered to each retina using the slit-lamp
delivery system of an OcuLight GL Photocoagulator (Iridex, Moun-
tain View, CA) and a hand-held cover slide as a contact lens. Burns
were performed in the 9-, 12-, and 3-o’clock positions of the posterior
pole of the retina. Production of a bubble at the time of laser, which
indicates rupture of Bruch’s membrane, is an important factor in
obtaining choroidal neovascularization (Tobe et al., 1998b), so only
burns in which a bubble was produced were included in the study.
Some of the wild-type C57BL/6 mice were given drinking water
containing 0.5 g/l L-NMMA for 2 weeks starting the day of laser
treatment. After 14 days, the mice were killed with an overdose of
pentobarbital sodium, and their eyes were rapidly removed and
frozen in OCT.

Quantitation of Choroidal Neovascularization. Frozen serial
sections (10 um) were cut through the entire extent of each burn and
histochemically stained with biotinylated GSA as described above.
Histomark Red (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) was used to give a red reaction product that is distinguishable
from melanin. Some slides were counterstained with Contrast Blue
(Kirkegaard and Perry).

To perform quantitative assessments, GSA-stained sections were
examined with an Axioskop microscope and images were digitized
using a three-CCD color video camera and a frame grabber. Image-
Pro Plus software was used to delineate and measure the area of
GSA-stained blood vessels in the subretinal space. For each lesion,
area measurements were made for all sections on which some of the
lesion appeared and added together to give the integrated area
measurement. Using the Image-Pro Plus software, the GSA-stained
area of choroidal neovascularization was delineated and the area
was calculated. Only lesions in which good sections were obtained
through the entire lesion so that a valid area measurement could be
made on each were included in the analysis. There seemed to be little
variability among lesions in individual mice and all excluded lesions
were qualitatively similar in size to included lesions and were ex-
cluded solely due to inability to obtain an accurate measurement
because of poor quality of some sections.

Mice with Increased Expression of VEGF in Photorecep-
tors. Extensive mating was done to obtain mice that were homozy-
gous for mutant alleles for all NOS loci and carried a rho/VEGF



transgene (Okamoto et al., 1997). Mice with the same genetic back-
ground that were wild-type at all three NOS loci and carried a
rho/VEGF transgene were used as controls. At P21, mice were anes-
thetized with ether, the descending aorta was clamped, the right
atrium was cut, and 1 ml of phosphate-buffered saline containing 50
mg/ml of fluorescein-labeled dextran (2 X 10° average mw; Sigma-
Aldrich) was infused through the left ventricle as described previ-
ously (Tobe et al., 1998a). The eyes were removed and fixed for 1 h in
10% phosphate-buffered formalin. DNA was isolated and used for
genotyping, but the investigator who evaluated the retinal neovas-
cularization remained masked with respect to genotype. The cornea
and lens were removed and the entire retina was carefully dissected
from the eyecup, radially cut from the edge of the retina to the
equator in all four quadrants, and flat-mounted in Aquamount with
photoreceptors facing upward. Flat-mounts were examined by fluo-
rescence microscopy and images were photographed, scanned, la-
beled, and printed.

Quantitation of VEGF-Induced Neovascularization. Retinal
flat-mounts were examined by fluorescence microscopy at 400X mag-
nification, which provides a narrow depth of field so that when
focusing on NV on the outer edge of the retina, the remainder of the
retinal vessels are out of focus, allowing easy delineation of the NV
(Tobe et al., 1998a). The outer edge of the retina, which corresponds
to the subretinal space in vivo, is easily identified; therefore, there is
standardization of focal plane from slide to slide. Images were digi-
tized using a three-CCD color video camera and a frame grabber.
Image-Pro Plus software was set to recognize fluorescently stained
neovascularization and used to delineate each of the lesions through-
out the entire retina and calculate the number of lesions per retina,
the area of each lesion, and the total area of neovascularization per
retina.

Statistical Analyses. For each of the mouse models, the effect of
L-NMMA or complete NOS deficiency on amount of neovasculariza-
tion was analyzed using a linear mixed model (Verbeke and Molen-
berghs, 2000). Including the mouse in the model adjusted the esti-
mated effect of experimental variable for correlation in
measurements from the two eyes within a mouse. Measurements
from within the same mouse were assumed to be exchangeable when
modeling correlation structure. Variance components models were
also run and adjusted for correlation of measurements from animals
in the same litter; however, in most analyses, these effects were
negligible once adjusting for correlation of measurements within
each mouse did not affect estimated effect of genotype, and hence
were dropped from the models. When necessary, a transformation
(log or square root) of measurements before analysis was used so that
the distribution of measurements better met the normally distrib-
uted outcome assumption of the linear mixed model. All analyses
were performed using SAS software (SAS Institute, Inc. Cary, NC).

Results

Mice Treated with L-NMMA and Mice Deficient in All
Three NOS Isoforms Have Markedly Reduced Choroi-
dal Neovascularization after Rupture of Bruch’s Mem-
brane. In adult C57BL/6 mice, 14 days after laser-induced
rupture of Bruch’s membrane, there was extensive choroidal
neovascularization at rupture sites (Fig. 1A), as has been
noted in several previous studies (Tobe et al., 1998b; Seo et
al., 1999; Kwak et al., 2000; Ando et al., 2001; Mori et al.,
2001a,b). In contrast, C57BL/6 mice treated with 0.5 g/l
L-NMMA in their drinking water starting the day of laser
showed very little choroidal neovascularization at rupture
sites 14 days after laser (Fig. 1B). To assess the effect of
eliminating NOS activity in another way, triple homozygous
mutant mice deficient in all three NOS isoforms were pro-
duced by extensive mating among mice deficient in NOS
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Fig. 1. Reduced choroidal neovascularization after rupture of Bruch’s
membrane in mice treated with L-NMMA and mice deficient in all 3 NOS
isoforms. C57BL/6 mice (A, control), C57BL/6 mice treated with 0.5 g/l
L-NMMA (B, NMMA), or mice with a C57BL/6 background deficient in all
three isoforms of NOS (C, NOS—/—) had rupture of Bruch’s membrane in
three locations in each eye by laser photocoagulation. After 2 weeks, the
mice were sacrificed and serial frozen sections were cut through each
rupture site and stained with GSA, which selectively stains vascular
cells. Mice from the control group showed large areas of red-stained
choroidal neovascularization (A, arrows), whereas mice treated with L-
NMMA (B) and NOS-deficient mice (C) had very little choroidal neovas-
cularization at Bruch’s membrane rupture sites.

isoforms. These mice appeared normal on gross examination
and were able to reproduce. Fourteen days after laser-in-
duced rupture of Bruch’s membrane, mice deficient in all
three isoforms of NOS had little or no choroidal neovascular-
ization at rupture sites (Fig. 1C). Quantitation of the amount
of choroidal neovascularization by image analysis confirmed
that compared with control mice with the same genetic back-
ground, mice treated with L-NMMA or mice deficient in all
three NOS isoforms showed a dramatic reduction in the
amount of choroidal neovascularization at Bruch’s mem-
brane rupture sites (Table 1).

Mice Treated with L-NMMA and Mice Deficient in All
Three NOS Isoforms Have Markedly Reduced VEGF-
Induced Neovascularization in the Retina. As demon-
strated in several previous studies (Tobe et al., 1998a; Ozaki
et al., 2000; Ando et al., 2001), P21 rho/VEGF transgenic
mice showed numerous areas of subretinal neovasculariza-
tion. These were seen as numerous hyperfluorescent spots in
retinal whole mounts of fluorescein-labeled dextran perfused
mice (Fig. 2A), but were more easily resolved in high-magni-
fication views, in which they were seen as hyperfluorescent
tufts of vessels partially surrounded by retinal pigmented
epithelial cells (Fig. 2C, arrows). The narrow depth of field at
high magnification makes it easier to distinguish the neovas-
cularization from retinal vessels, which appear as out-of-
focus streaks and blurs in the background. Transgene-posi-

TABLE 1

Mice treated with L-NMMA and mice deficient in all three NOS
isoforms have markedly reduced choroidal neovascularization after
rupture of Bruch’s membrane

Each value represents the mean = S.E.M. of the sum of the areas of neovascular-
ization on each section that included a part of the lesion. If one of the serial sections
tore or was unusable, then an accurate measurement could not be obtained, and that
rupture site was not included in the analysis. The investigator was masked during
sectioning to eliminate any possibility of bias regarding elimination of rupture sites.
P values were obtained using a linear mixed model, which adjusted for correlation in
measurements from the same mouse, assuming that eyes were exchangeable. A log
transformation was used for data analysis.

Mice Rl;ﬂt;re Mice Area of NV P-value
n n 107% mm?
Control 18 3 0.045 = 0.005
L-NMMA-treated 27 5 0.015 = 0.002 <0.0001
NOS-deficient 22 5 0.012 = 0.002 <0.0001

NV, neovascularization.
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Fig. 2. Reduced VEGF-induced neovascularization in mice treated with L-
NMMA and mice deficient in all three NOS isoforms. Hemizygous rhodopsin
promoter/VEGF transgenic mice (rho/VEGF mice) were divided into two
groups: one group was given vehicle alone (A and C) and the other was given 80
mg/kg/day 1I-NMMA by gavage between P7 and P21 (B and D). Multiple mat-
ings were done to obtain mice deficient in all three NOS isoforms that also
carried a rho/VEGF transgene (E-H). At P21, mice were perfused with fluores-
cein-labeled dextran, and retinal whole mounts were examined by fluorescence
microscopy. The retinas of vehicle-treated rho/VEGF mice showed numerous
small foci of neovascularization (A) that are more easily distinguished in a high
power view (C, arrows). The neovascularization is partially surrounded by black
retinal pigmented epithelial cells. The retinas of rho/VEGF mice treated with
L-NMMA showed very little neovascularization (B), which is confirmed in high
power views (D, arrows). Mice deficient in all three NOS isoforms had fragile
retinal capillaries that showed focal disruptions and leakage spots when per-
fused with normal pressure (E and G) but were well preserved when slowly
perfused with low pressure (F and H). Regardless of how the perfusion was
done, the retinas showed very little neovascularization (G and H, arrows).

TABLE 2

tive rho/VEGF mice treated once a day by gavage with 80
mg/kg of L-NMMA showed many fewer areas of neovascular-
ization (Fig. 2, B and D, arrows). Quantitation by image
analysis confirmed that there were significantly fewer neo-
vascular lesions and a much smaller total area of neovascu-
larization per retina in transgenic mice treated with
L-NMMA transgenics compared with control transgenics (Ta-
ble 2).

It appeared that the retinal capillary bed was more fragile
in NOS-deficient mice that carried a VEGF transgene, be-
cause perfusion of fluorescein-labeled dextran in the stan-
dard way resulted in many small disruptions in the capillary
network shown by numerous spots of fluorescent leakage
throughout the retina (Fig. 2E). High-magnification views
showed that the leakage spots were at the level of retinal
capillaries, not at the outer border of the retina (Fig. 2G).
With slow, low-pressure perfusion of NOS-deficient mice that
carried a VEGF transgene, the retinal vessels remained in-
tact and there was no fluorescent leakage (Fig. 2F). Regard-
less of whether or not there was perfusion-induced leakage,
NOS-deficient mice that carried a VEGF transgene had very
little neovascularization (Fig. 2, G and H, arrows). Image
analysis showed a profound decrease in the number of neo-
vascular lesions and the total area of neovascularization per
retina (Table 2).

Mice Treated with L-NMMA and Mice Deficient in All
Three NOS Isoforms Have No Significant Reduction in
Ischemia-Induced Neovascularization in the Retina.
Mice with oxygen-induced ischemic retinopathy show exten-
sive preretinal neovascularization, which is visualized as
clumps of GSA-stained vascular cells on the surface of the
retina (Fig. 3A). Mice with oxygen-induced ischemic retinop-
athy treated with 80 mg/kg of L-NMMA once a day by gavage
during the ischemic period from P12 to P17 also showed
prominent preretinal neovascularization (Fig. 3B). Extensive
preretinal neovascularization was also seen in mice with
ischemic retinopathy that were deficient in all three NOS
isoforms (Fig. 3C). Measurement of the area of preretinal
neovascularization per section by image analysis showed
that neither L-NMMA-treated mice (n = 7; area = 0.0091 +
0.007; p = 0.8848) nor NOS-deficient mice (n = 5; area =
0.0095 *= 0.0011; p = 0.8590) showed a significant decrease
compared with control mice (n = 4; area = 0.0092 + 0.0011).

Discussion

Although the presence of multiple NOS isoforms makes it
somewhat difficult to clarify the physiology of NO, it makes it

Mice treated with L-NMMA and mice deficient in all three NOS isoforms have markedly reduced VEGF-induced neovascularization in the retina

Each value represents the mean = S.E.M. calculated from the experimental values generated from each mouse (n). P values were obtained using a linear mixed model, which
adjusts for correlation in measurements from the same mouse, assuming that eyes were exchangeable. A log transformation was used when analyzing number and average
size of NV lesions and a square root transformation was used for total area of NV lesions. Transformation reduced the variance of the data relative to the mean values and

resulted in greater statistical power for detecting differences between groups.

Mice n Nu%g:foggw Total Area of NV Size of NV Lesions
107% mm?
Control 14 64.2 = 15.69 17.33 = 3.52 0.319 + 0.028
L-NMMA-treated 14 19.1 = 3.97 6.60 = 1.10 0.379 = 0.024
P value 0.0244 0.0308
NOS-deficient 14 1.6 = 0.84 0.73 £ 0.42 0.419 = 0.067
P value <0.0001 <0.0001 NS

NV, neovascularization.
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Fig. 3. Mice treated with L-NMMA and mice deficient in all three NOS
isoforms show prominent ischemia-induced retinal neovascularization.
C57BL/6 mice or mice in a C57BL/6 background deficient in all three
NOS isoforms (C, NOS —/—) were placed in high oxygen at P7. At P12,
they were removed to room air and wild type mice were divided into two
groups and treated with 80 mg/kg/day of L-NMMA (B, NMMA) or vehicle
(A, control) by gavage. On P17, the mice were sacrificed and ocular frozen
sections were stained with GSA using diaminobenzidine, which gives a
brown reaction product that localizes vascular cells. The retinas were
counterstained with eosin, which allows identification of the retinal sur-
face. The brown-stained tissue above the inner border of the retina
represents retinal neovascularization and was prominent in all three
groups of mice.

especially difficult to sort out the role of NO in pathophysi-
ology. In some tissues, NO seems to promote neovasculariza-
tion; in others, it seems to antagonize it. To address the role
of NO and the various NOS isoforms in ocular neovascular-
ization, we tested mice deficient in eNOS, nNOS, or iNOS in
three models. We found that VEGF-induced retinal neovas-
cularization was markedly reduced when any of the three
isoforms was deficient; choroidal neovascularization was re-
duced by deficiency of iNOS and nNOS, but not eNOS; and
ischemia-induced retinal neovascularization was reduced by
deficiency of eNOS, but not iNOS or nNOS (Ando et al.,
2002). We interpreted these data to mean that NO is proan-
giogenic in the retina and choroid and predicted that broad-
spectrum NOS inhibitors would reduce retinal and choroidal
neovascularization. In the present study, we tested that pre-
diction and found that it was only partially correct. Pharma-
cologic inhibition of NOS reduced choroidal neovasculariza-
tion and VEGF-induced retinal neovascularization but did
not reduce ischemia-induced retinal neovascularization. To
complement the pharmacologic studies, we also took a ge-
netic approach and performed multiple crosses to obtain mice
deficient in all three NOS isoforms. These mice, which have
maximal blockade of NO-producing activity, had dramatic
inhibition of choroidal neovascularization and VEGF-in-
duced retinal neovascularization, but no significant reduc-
tion in ischemia-induced retinal neovascularization. This
surprising finding indicates that the lack of effect of L-NMMA
on ischemia-induced retinal neovascularization is not caused
by some characteristic of the drug, such as lesser activity
inhibiting eNOS compared with iNOS and nNOS. Instead, it
indicates that although reduction in eNOS activity decreases
ischemia-induced retinal neovascularization, that effect is
abrogated by concomitant reduction in iNOS and nNOS.
Therefore, our interpretation of the results in single NOS
knockout mice, that NO is proangiogenic in the retina and
choroid, seems to be an oversimplification, because the NO
generated by iNOS and/or nNOS in cells adjacent to endo-
thelial cells in the presence of retinal ischemia must have an
antiangiogenic effect.
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While working out the mechanism by which iNOS- and/or
nNOS-derived NO reduces ischemia-induced neovasculariza-
tion in the retina is a worthy pursuit that could help to
further clarify the complex cascade of events that contribute
to neovascularization in ischemic retina, our findings have
important therapeutic implications that deserve immediate
attention. Our data suggest that broad-spectrum NOS inhib-
itors dramatically inhibit choroidal neovascularization. We
used systemic administration of a NOS inhibitor in our mod-
els, but it is likely that local administration would be the best
approach for treatment of ocular neovascularization in pa-
tients. Previous studies have demonstrated that eNOS-defi-
cient mice have hypertension (Huang et al., 1995) and nNOS-
deficient mice have behavioral abnormalities (Nelson et al.,
1995). We did not observe any gross abnormalities in triple
NOS mutant mice and investigation for blood pressure or
behavioral abnormalities are beyond the scope of our study.
Systemic administration of a broad spectrum NOS inhibitor
has been shown to cause hypertension but was otherwise
well tolerated (Lloyd et al., 2001). Local administration of a
NOS inhibitor to avoid hypertension and other possible side
effects seems to be the most prudent approach. As soon as
sufficient pharmacokinetic and safety data are available,
local administration of NOS inhibitors should be tested in
patients with choroidal neovascularization.

Choroidal neovascularization is a major public health prob-
lem that occurs in a number of diseases in which there are
abnormalities in the Bruch’s membrane/retinal pigmented
epithelial complex, the most common of which is age-related
macular degeneration (Campochiaro, 2000). Current treat-
ments for choroidal neovascularization focus on ablation of
neovascularization and do not address the underlying angio-
genic stimuli; therefore, they are plagued by recurrent neo-
vascularization, which usually results in severe loss of vision.
Development of pharmacologic antiangiogenic treatment for
choroidal neovascularization is desperately needed. Two
pharmacologic agents are currently being tested in clinical
trials, an anti-VEGF antibody and an aptamer that binds
VEGF (Guyer et al., 2001; Schwartz et al., 2001). Both are
VEGF antagonists that are administered by intravitreous
injection. NOS inhibitors are small molecules that should be
able to gain access to the retina and choroid after periocular
injection and will not require intravitreous injection, which is
advantageous. In addition, because they act at a different site
in the neovascularization cascade, they will complement the
VEGF antagonists that are under investigation.

Effective antiangiogenic agents are also needed for isch-
emic retinopathies, the most common of which is diabetic
retinopathy (Klein et al., 1984). Our results suggest that
selective eNOS inhibitors rather than broad-spectrum NOS
inhibitors should be tested in patients with diabetic retinop-
athy.
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