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ABSTRACT

We used knockout animals of either inducible nitric oxide synthase (iNOS-/-) or endothelial NOS (eNOS-/-)
to characterize the role of NOS in galactosemia, a model of diabetic retinopathy. NADH oxidase and nitroty-
rosine were used as biomarkers of oxidative stress and vascular dysfunction. These animals were engrafted
with hematopoietic stem cells (HSC) expressing green fluorescence protein (gfp*) to characterize the contribu-
tion of HSC and endothelial progenitor cells to neovascularization. Increased NADH oxidase activity and su-
peroxide generation occurred in all galactose-fed mice. eNOS-/- mice demonstrated increased iNOS im-
munoreactivity in their retinal vasculature. Nitrotyrosine levels were low at baseline in the wild-type (WT)
mice, eNOS-/- and iNOS-/- mice, and the galactose-fed iNOS mice and increased following galactose feeding
in eNOS-/- and WT. Galactose-fed WT.gfp and iNOS-/-.gfp chimeric animals had areas of perfused new ves-
sels composed of gfp* cells. In contrast, galactose-fed eNOS-/-.gfp mice produced copious, unbranched, non-
perfused tubes. Thus, nitric oxide modulates HSC behavior and vascular phenotype in the retina. Although
there is increased NADH oxidase and superoxide in galactosemic mice of all isoforms, iNOS is the source of ni-
tric oxide responsible for peroxynitrite and nitrotyrosine formation that leads to the pathology observed in
galactosemic mice. Antioxid. Redox Signal. 7, 1413-1422.

INTRODUCTION

ITRIC OXIDE (NO) has been implicated in the pathophysi-
Nology of diabetic vascular complications. NO is a gaseous
free radical that induces vasodilatation, prevents platelet ag-
gregation and leukocyte adhesion, and promotes synaptic
transmission and cytostatic/cytotoxic actions in macrophages
(21, 28). NO arises from the guanidino group of L-arginine
and is catalyzed by a family of nitric oxide synthases (NOS).
Isoforms of NOS derived from separate genes are neuronal
NOS (nNOS, NOS1), inducible NOS (iNOS, NOS2), and en-
dothelial NOS (eNOS, NOS3). The three isoforms are similar
in structure and function, utilizing L-arginine, oxygen, and
NADPH as substrates, and requiring FAD, FMN, calmodulin,

and tetrahydrobiopterin as cofactors. The catalytic mechanism
of NOS involves flavin-mediated electron transport from
NADPH to the terminal heme, where oxygen is bound and in-
corporated into NO and citrulline (39).

In diabetes, NO production may not be reduced, but may
just not be available because of inactivation by excessive NO
production of superoxide (O, ~) in the vascular wall. The ef-
fects of NO depend on its microenvironment, and one mecha-
nism for its role in complications of diabetes is the reaction
with O, to form the toxic species peroxynitrite (ONOO~-).
This reaction occurs at near diffusion-limited rates and is more
than three times faster than the enzymatic dismutation of O, -
by superoxide dismutase (SOD) (3). Several studies have dem-
onstrated elevated levels of NO associated with vascular
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dysfunction in diabetes through increased formation of
ONOO-, including disruption of the blood-retinal barrier
(BRB) (6, 15, 25, 41). ONOO- is a potent volatile oxidant
that can attack many types of biological molecules. High lev-
els of ONOO- initiate lipid peroxidation, hydrooxidation, ni-
tration of amino acids such as tyrosine, and oxidation of an-
tioxidants such as ascorbic acid and a-tocopherol, and can
cause direct DNA damage.

Hyperglycemia in diabetes results in a shift of metabolism
to the polyol/sorbitol pathway where it increases cytosolic
NADH/NAD and creates a “pseudohypoxia” in the presence
of normal oxygen levels (42). The O, radical dismutates,
either spontaneously or catalyzed by SOD, to yield hydrogen
peroxide (H,0,). NADH oxidase has been demonstrated to be
the major source of reactive oxygen species (ROS) in vascu-
lar endothelium (26, 27, 34), and a number of investigations
have demonstrated increased NADH oxidase in diabetes.
High glucose increased levels of NADH oxidase and O, ~ in
cultured vascular cells and coronary arteries (8), and specific
inhibitors of NADH oxidase blocked the increases in O, .
Vascular NADH oxidase was shown to be involved in impaired
endothelium-dependent vasodilatation in the OLETF rat model
of non—insulin-dependent diabetes mellitus (NIDDM) (24),
and diphenyleneiodonium (DPI) inhibited the increase in O, ~.
More recently, there is additional evidence of vascular NADH
oxidase contributing to increased oxidative stress in animal
models of diabetes associated with obesity (40). Our work
with the BBZ/Wor rat, a model of type II diabetes, showed in-
creased cytochemical localization of NADH oxidase confined
to the vascular endothelium in diabetic retinopathy (12, 13).
The localization was blocked by DPI, as well as by removal of
the substrate NADH; allopurinol, a specific inhibitor of xan-
thine oxidase, did not block the localization (13).

Previously, we showed a significant increase in NADH oxi-
dase, a marker of oxidative stress, in the retinal vessels of a
rat model of NIDDM. Eighty percent of vessels were reactive
for H,0, compared with only 38% of vessels in nondiabetic
rats. Areas of H,O, localization corresponded to BRB dys-
function (12), increased vascular endothelial growth factor
(VEGF) expression (13), and increased iNOS and nitrotyro-
sine (14), which is an indication of ONOO- formation (4).
ONOO- has been implicated in vascular permeability in ex-
perimental diabetes (15). Tyrosine nitration can adversely af-
fect various cellular metabolic and signaling processes and
may directly contribute to development of endothelial cell
dysfunction.

A number of studies have documented a role for NO in di-
abetic retinopathy. Hyperglycemia has been shown to sup-
press eNOS in retinal vascular endothelial cells (7). Recent
studies with Goto—Kakizaki rats, a model of NIDDM, dem-
onstrated expression of iNOS in the retina by western analy-
sis, immunohistochemistry, and inhibition by NOS inhibitors
(6). In addition, western analysis of retinas from rats with
streptozotocin-induced diabetes showed expression of iNOS
and nitrotyrosine (10). Cultures of bovine retinal endothelial
cells incubated in 25 mM glucose had increases in NO, iNOS,
and nitrotyrosine (10). Previously, we performed time-course
studies of hyperglycemia and oxidative stress in the BBZ/
Wor rat and demonstrated an increase in nitrotyrosine in the
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retinal vessels of these diabetic rats from the onset of hyper-
glycemia (14).

Retinal endothelium is strongly positive for NO. The pro-
duction of NO by retinal endothelium that has been observed
is consistent with a role for NO in mediating endothelial cell
behavior. Retinal endothelial cells in culture constitutively
express significant amounts of Ca2*-dependent eNOS activ-
ity, in addition to being induced by cytokines to produce
iNOS (20). ROS play a role in retinal ischemia and prolifera-
tive retinopathy (20). The burst of O, - as a result of reperfu-
sion can be generated from vascular NADH oxidase (16), as
well as neutrophil-derived NADPH oxidase (31). NADH oxi-
dase has been demonstrated as a source of ROS in hypoxia
(17). This excess of O, ~ can react with NO from the vascular
endothelium to form ONOO- and may play a role in endothe-
lial dysfunction in proliferative retinopathy. Therefore, changes
in levels of either iNOS or eNOS in the endothelium may lead
to endothelial dysfunction.

In this study, we examined the hypothesis that increased
levels of NO generated by iNOS as observed in the eNOS—/~
mice are injurious to the retinal vasculature and that the in-
jury may be due to ONOO-. Isoform-specific knockouts of
NOS allowed the examination of the loss of functional behav-
ior of each enzyme in the physiological context of an intact
animal without the use of pharmacological inhibitors that are
not entirely selective (37). Experimental galactosemia, which
is associated with increased levels of ROS, induces a dia-
betic-like retinopathy (22, 23, 36), and branch vein occlusion
induces neovascularization (18). The effect of systemic defi-
ciency of NOS isoforms on the behavior of endothelial pre-
cursor cells (EPC) was examined by reconstituting iNOS~/~
and eNOS~/~ animals with bone marrow from green fluores-
cent protein (gfp) homozygous animals. We show that NO
can modulate hematopoietic stem cell (HSC) behavior and
vascular phenotype in the retina and that iNOS is the source
of NO responsible for ONOO- and nitrotyrosine formation
that leads to the pathology observed in galactosemic mice.

MATERIALS AND METHODS

Animals

All animal care and procedures conformed to the Associa-
tion for Research in Vision and Ophthalmology Resolution on
the Use of Animals in Research and NIH guidelines on the
use of animals in research. All procedures were approved by
the Institutional Animal Care and Use Committee.

Six groups of mice were utilized in this study: nongalac-
tosemic and galactosemic eNOS~/~ mice, nongalactosemic and
galactosemic iNOS—/~ mice, and nongalactosemic and galac-
tosemic wild-type (WT) mice. Breeding pairs of C57BL6/J
(WT), B6.129P2-Nos3miUne/J  (eNOS—/-), and B6.129P2-
Nos2tmlLaw/J (iINOS—/~) were purchased from Jackson Laborato-
ries (Bar Harbor, ME, U.S.A.). Mice were weaned at 4 weeks of
age onto Purina rodent chow (Ralston Purina, St. Louis, MO,
U.S.A.) and water ad libitum. At 8 weeks of age, male mice
were divided into two groups: the control group of each strain
was maintained on Purina rodent chow; the second group was
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switched to Purina rodent chow that contained 30% galactose
(Purina Mills, Richmond, IN, U.S.A.). Four and 12 weeks later,
mice were euthanized with an overdose of 0.1 ml of ketamine/
xylazine (100 mg/ml ketamine + 20 mg/ml xylazine). Blood
samples were obtained at euthanasia, and whole-blood glucose
was measured using a Glucometer Elite Glucose Meter (Bayer
Diagnostic Division, Tarrytown, NY, U.S.A.).

Immunohistochemical localization
of eNOS and iNOS

WT, iNOS—/-, and eNOS—/~ mice were perfused with
3—6 ml of 4% paraformaldehyde in phosphate-buffered sa-
line (PBS). Both eyes from each animal were enucleated,
pierced with a 27-gauge needle 1 mm posterior to the lim-
bus, incubated in 4% paraformaldehyde for 30 min, and then
washed in PBS for at least 30 min. The neural retina was then
dissected from the retinal pigment epithelium (RPE)/
choroid/sclera complex. Whole retinas were permeabilized
and blocked in HEPES-buffered saline containing 0.2%
(vol/vol) Triton X-100, 0.2% (wt/vol) bovine serum albumin,
0.2% (vol/vol) rabbit serum, and 0.2% (vol/vol) goat serum
(all from Sigma—Aldrich, St. Louis, MO, U.S.A.) for 3 hours
at room temperature. After 3 h, either rabbit anti-INOS
(1:50; Abcam, Cambridge, MA, U.S.A.) or rabbit anti-eNOS
(1:50; BD—Pharmingen, San Diego, CA, U.S.A.) was added
along with rhodamine-conjugated Ricinus communis agglu-
tinin (1:1,000; Vector Laboratories, Burlingame, CA,
U.S.A)) and incubated for 24 h at 4°C. The tissues were
washed in HEPES-buffered saline, then placed in 1:800 bi-
otinylated goat anti-rabbit IgG (Sigma—Aldrich) in PBS for
24 h at 4°C, followed by a wash in PBS for 24 h at 4°C.
Lastly, the tissues were placed in 1:50 streptavidin—fluores-
cein isothiocyanate (FITC) in bicarbonate buffer (Vector
Laboratories) for 24 h and then washed for 24 h at 4°C in bi-
carbonate buffer. As controls, at least one retina from each of
the three types of animals was not placed into the primary
antibody, but was incubated with secondary antibody fol-
lowed by streptavidin-FITC as previously described (18).

After the final wash, each retina was flat-mounted with four
to seven radial cuts (38) and imaged using a Zeiss RGB Spot
CCD camera coupled to an Axioplan 2 fluorescence micro-
scope with filters for FITC and rhodamine, as well as bright
field. Captured digital images for the red and green channels
were then merged to show colocalization of NOS isoforms
(FITC-labeled) with vascular tissue (rhodamine-labeled).

Cytochemical localization of NADH oxidase

Eyes were enucleated and fixed for 1 h in cold 5%
acrolein (vol/vol) in 0.1 M sodium cacodylate-HCI buffer (pH
7.4). Specimens were washed 4 X 15 min in 0.15 M sodium
cacodylate buffer (pH 7.4) plus 5% (wt/vol) sucrose and 1%
(vol/vol) dimethyl sulfoxide. Tissue was held in the cold in
buffer wash until it was reacted for NADH oxidase cytochem-
ical localization.

Specimens were brought to room temperature in the final
two buffer washes, which contained 0.1 M glycine, and then
preincubated for 30 min at 37°C with agitation in the follow-
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ing medium: 2.0 mM cerium chloride, 10 mM 3-amino-1,2,4-
triazole, 0.1 M Tris-maleate bufter (pH 7.5), 7% sucrose, and
0.0002% Triton X-100. They were then incubated in the fol-
lowing complete reaction medium: 2.0 mM cerium chloride,
10 mM 3-amino-1,2,4-triazole, 0.8 mM NADH, 0.1 M Tris-
maleate buffer (pH 7.5), 7% sucrose, and 0.0002% Triton
X-100 for 2 X 30 min at 37°C with agitation. The reaction
was terminated by washing in cold 0.15 M Tris-maleate
buffer (pH 7.5), 7% sucrose, followed by a wash in cold
0.15 M sodium cacodylate-HCI buffer (pH 7.4), 7% sucrose.
Specificity of the reaction was demonstrated by the follow-
ing: (a) omitting NADH; (b) using an inhibitor of NADH oxi-
dase, 1.0 mM DPI; and (c) using an inhibitor of xanthine oxi-
dase, 1.0 mM allopurinol. Specimens were then postfixed
overnight in 1% (wt/vol) osmium tetroxide, dehydrated, infil-
trated, and embedded as previously described (12, 13). Grids
were examined and photographed at 75 kV in a Hitachi
H-7000 transmission electron microscope.

Immunocytochemical localization of nitrotyrosine

Sections from eyes in which NADH oxidase had been local-
ized were picked up on nickel grids; oxidized 30 min with 1%
(wt/vol) periodic acid, followed by 5 X 5-min washes in deion-
ized water. Grids were floated 2 X 5 min on PBS (pH 7.2), fol-
lowed by 30 min on PBS blocker [PBS + 2% (wt/vol) cold water
fish gelatin (Sigma—Aldrich)], and then reacted overnight at
4°C in a moist chamber with rabbit anti-nitrotyrosine antibod-
ies (Upstate Biotechnology, Lake Placid, NY, U.S.A.) diluted to
10 pg/ml with PBS blocker. After 2 X 5-min washes with PBS
blocker followed by 2 X 5-min washes with PBS, grids were
washed with Tris-HCI saline buffer (TBS, pH 7.6) followed by
30 min on TBS blocker (TBS + 2% cold water fish gelatin). Grids
were then incubated for 1 h at room temperature in a moist cham-
ber on drops of donkey anti-rabbit IgG labeled with 18-nm col-
loidal gold (Jackson Immunoresearch Laboratories Inc., West
Grove, PA, US.A.) diluted 1:40 with TBS blocker. Grids were
washed with TBS blocker, followed by 2 X 5-min washes with
TBS and then 3 X 5-min washes with deionized water. Control
grids were incubated with only the gold labeled with secondary an-
tibody or with primary antibodies that had been absorbed overnight
with an excess of nitrated protein (Upstate Biotechnology).

Morphometric analysis

Quantitation of NADH oxidase localization was done by a
modification of the method of Briggs ef al. (5). Sections ex-
amined included the neural retina and choroid ~1 mm on
either side of the optic nerve head. All blood vessels in the
retina were examined at a magnification of 10,000X and
scored either positive (cerium perhydroxide was present in
any of the following sites: vessel lumen, endothelial cell cyto-
plasm, plasmalemma, basement membrane) or negative
(cerium perhydroxide was absent). Results were expressed as
the percentage of positive vessels relative to the total number
of vessels examined for each grid. For quantitation of nitroty-
rosine immunolocalization, blood vessels were examined at a
magnification of 10,000X. Twenty vessels in one eye of each
of four galactose-fed and four age-matched control mice in
each of the groups were sampled. Counts of colloidal gold
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particles were normalized to a standard area of 50 um2. The
sections used for immunocytochemical localization of ni-
trotyrosine were serial sections of the same area in which
quantitative studies of NADH oxidase cytochemical localiza-
tion had been done.

Generation of iNOS—/~
and eNOS—'~ gfp* chimeric mice

Chimeric animals were produced by irradiating recipient
mice (WT with 950 rads, iNOS-/~ and eNOS-/- with
650 rads), followed by intravenous transplant of up to 2,500
Sca-1%, c-kit", lineage-negative gfp™ HSC. The difference in
radiation doses is due to the increased sensitivity of the knock-
out animals to radiation. It was found that 950 rads proved
lethal to a high proportion of the eNOS~/~ animals. HSC were
isolated and transplanted as previously described (18).

Induction of retinal neovascularization
in chimeric mice

Long-term durable hematopoietic reconstitution was
confirmed by flow cytometry analysis of peripheral blood
3 and 6 months post transplant. Cohorts (n = 0) were identi-
fied with similar engraftment rates of peripheral blood
mononuclear cells (all >70% donor-derived when normal-
ized to donor gfp* animals) for subsequent experimentation.
Matched cohorts were injected with saturating titers (1 X
10° PFU) of recombinant adeno-associated virus (rAAV;
VectorCore, University of Florida) expressing the full-
length human VEGF , directly into the vitreous using a
36-gauge needle and Hamilton syringe. The dosage was de-
termined by in vivo titering for maximal HSC response. We
had previously determined that site-specific expression of
VEGF prior to branch retinal vessel photocoagulation was
necessary to achieve consistent preretinal neovasculariza-
tion characteristic of what is seen in proliferative diabetic
retinopathy (18). One month after viral infection, the mice
underwent laser treatment. An argon green indirect oph-
thalmic laser system (HGM Corp., Salt Lake City, UT,
US.A.) was used for retinal vessel photocoagulation
(80—-100 burns) with the aid of a 78-diopter lens as previ-
ously described (18). The combination of growth factor
overexpression and ischemic injury mimics to some extent
the ocular diabetic milieu, and results in the formation of
preretinal neovascular tufts similar to those seen in prolifer-
ative diabetic retinopathy. One important difference be-
tween this model and proliferative diabetic retinopathy is
that the animals, lacking the many cellular and molecular
dysregulations associated with diabetes, are able to resolve
the ocular neovascularization by 6 weeks post laser. Three
weeks after laser injury, at the time of typically maximal
neovascularization in this model, the animals were eutha-
nized and perfused with 50 mg/ml rhodamine-conjugated
dextran in 4% paraformaldehyde in PBS (Sigma—Aldrich).
Eyes were enucleated and the neural retinas dissected and
mounted flat for imaging by epifluorescence microscopy as
described earlier. Selected retinas were also imaged by laser
scanning confocal microscopy to determine the location of
the vessels within the neural retina.
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Statistical analysis

One-way ANOVA was used to compare response variable
means among the WT, iNOS~/~, and eNOS~/~ groups. Analy-
sis of covariance (ANCOVA) was used to compare the age-
adjusted mean percentage of retinal changes testing positive
for qualitative histological changes between control and
galactose animal groups. Individual animal percentages were
arcsine-square root transformed prior to analysis to stabilize
variances, and a weighted ANCOVA was fitted to account for
variation in the total number of vessels assessed per retina.

RESULTS

Immunohistochemical localization
of eNOS and iNOS

In each knockout strain, the isoform that is genetically
deleted is not expressed in vivo at detectable levels, nor is
eNOS expressed in detectable levels in the iINOS~/~ animals.
However, the retinas of eNOS~/~ animals demonstrate iNOS
immunoreactivity (Fig. 1). This suggests that there is com-
pensatory up-regulation of iNOS expression in eNOS knock-
out retinas, indicating NOS dysregulation and a large amount
of NO produced.

Nitrotyrosine and NADH oxidase
in galactose-fed animals

Table 1 shows the mean weights and blood glucose levels
of the animals and contrasts those values for the normal diet
versus galactose-fed mice. All of the galactose-fed animals
exhibited nearly a twofold increase in blood glucose com-
pared with normal animals. Furthermore, the galactose-fed
animals were not significantly heavier than normal animals,
indicating a “diabetes-like” state not attributable to obesity.

NADH oxidase, a marker of oxidative stress and the major
source of O, ~ in the vascular endothelium, localized primar-
ily in endothelial cells and pericytes (Fig. 2 and Table 2).
NADH oxidase activity was increased in retinal capillaries of
all three groups of galactose-fed mice (Table 2). However, ni-
trotyrosine increased threefold in the galactose-fed WT mice
and sevenfold in the galactose-fed eNOS—/~ mice, whereas

TABLE 1. AVERAGE WEIGHT AND BLOOD GLUCOSE IN WT
(C57BL/6J), ENOS~/=, AND INOS~/~ MICE BEING FED A
NORMAL DIET OR A GALACTOSE-RICH DIET FOR 3 MONTHS

Mouse group Weight (g) Blood glucose (mg/dl)
C57BL/6]

Normal diet 27.3+0.84 183 +£26

30% galactose 22.6 +1.07 332+55
eNOS-/~

Normal diet 28.6 £2.40 175 £ 11

30% galactose 24.9 +£0.45 324+ 15
iINOS-/~

Normal diet 26.3+£0.65 168 £ 18

30% galactose 25.5+2.28 300 +26
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WT animal iNOS™ animal eNOS™ animal
iINOS
Ab
eNOS
Ab
FIG.1. Fluorescence micrographs of immunohistochemistry studies show neural retinas from WT, iNOS-/~, and eNOS-/~

animals. Red fluorescence defines rhodamine-agglutinin labeling of the vasculature; green fluorescence shows FITC-labeled
iNOS or eNOS antibody (Ab). As controls, tissues from an iNOS—/~ animal and an eNOS—/~ animal were reacted with iNOS an-
tibody and eNOS antibody, respectively. These tissues do not show any specific labeling of the antibody. Tissue from WT animals
also did not show specific antibody binding with either the iNOS antibody or the eNOS antibody. When tissue from an iNOS-/~
animal was reacted with eNOS antibody, no antibody labeling was seen. However, when the neural retina from an eNOS—/~ ani-
mal was reacted with iNOS antibody, there was intense fluorescence and specific colocalization of iNOS in the vasculature.

TABLE 2. NADH OXIDASE AND NITROTYROSINE QUANTITATION
IN WT (C57BL/6J), ENOS~/~, AND INOS -/~ MICE BEING FED
A NORMAL DIET OR A GALACTOSE-RICH DIET FOR 3 MONTHS

Nitrotyrosine
Percentage of localization
vessels positive (gold particles/
Mouse group for NADH oxidase 50 um?)
CS57BL/6]
Normal diet 50.1 +£7.72% 10.7 £3.80
30% galactose 85.0 = 7.07%* 32.7 £5.36f
eNOS-/~-
Normal diet 41.1 £12.66% 5.45+3.71
30% galactose 81.9 + 7.22%* 38.0 +£10.29%
iNOS-/~
Normal diet 49.5+1.41% 8.05+3.98
30% galactose 72.0 £ 1.10%" 10.6 £4.27

Note that galactose-fed iNOS—/~ animals did not show an in-
crease in nitrotyrosine, in contrast to either WT or eNOS—/~
animals.

*p <0.05.

p <0.01.

the galactose-fed iNOS—/~ mice showed no increase in ni-
trotyrosine above basal levels. WT and eNOS-/~ mice fed
galactose showed disruption of the basal infoldings of the
RPE. The iNOS-/~ mice fed galactose were protected from
the development of these RPE changes.

EPC involvement in retinal neovascularization

The iNOS—/~.gfp mice demonstrated small discrete areas
of predominantly preretinal, with some intraretinal, neovas-
cularization similar in size and distribution to the WT.gfp
mice used as controls (Fig. 3A), and differing in no respect
from previously reported observations (18). These new ves-
sels—identified by their “yellow” fluorescence on merged
red and green channel images—demonstrated vessel patency
by virtue of their perfusability with rhodamine-conjugated
dextran. In addition, they were composed of gfp* cells, indi-
cating that these were new vessels formed by cells that differ-
entiated from bone marrow precursors.

In contrast, the eNOS—/~.gfp chimeric mice demonstrated
numerous areas of nonperfused capillaries located preretinally
(Fig. 3B). The overall appearance of these “vessels,” in both
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FIG. 2 (A) Graphical representation of the
quantification data for nitrotyrosine in the
three mouse strains fed a normal or galactose-
rich diet. (B) Localization of nitrotyrosine (ar-
rows) and NADH oxidase (arrowheads) in
retina of C57BL/6J (WT) mouse on normal
diet. (C) Nitrotyrosine and NADH oxidase lo-
calization in retina of WT mouse fed 30%
galactose diet for 1 month. (D) Localization of

frequency and structure, is atypical of neovasculature seen in
WT or iNOS~/~ mice undergoing the same growth factor—reti-
nal vessel occlusion model. The vessels in the eNOS—/~.gfp
animals are composed entirely of gfp* cells, and thus derived
from bone marrow precursors. However, these vessels were
not patent because no rhodamine-conjugated dextran was
found to perfuse through them. Additionally, the structure of
these neovascular areas lacked the branching typical of neo-
vascular tufts found in the WT and iNOS~/~ animals.

DISCUSSION

The purpose of these studies was to examine hemangio-
blast function in a setting of increased oxidative and increased
nitrosative stress. Galactosemia was used as way to increase
oxidative stress, and the NOS knockout mice were used to
manipulate endogenous NO levels. From the experiments
conducted, we conclude that there appears to be an isoform-
specific role for NOS in the retinal pathology observed with

nitrotyrosine and NADH oxidase in retina of
iNOS~/~ mouse fed 30% galactose diet for 1
month. (E) Localization of nitrotyrosine and
NADH oxidase in retina of eNOS—/~ mouse
fed 30% galactose diet for 1 month. BM, base-
ment membrane; EC, endothelial cell; L, ves-
sel lumen. All micrographs: X10,000.

galactosemia and laser-induced neovascularization. Although
neither model is identical to diabetes, galactosemia induces
retinal changes typically associated with diabetes, such as
basement membrane thickening, pericyte loss, and acellular
capillaries, and the laser model causes ischemia resulting in
preretinal neovascularization. Both galactosemia and laser-
induced vessel occlusion are associated with activation of
NADPH oxidase (11, 31). iNOS~/~.gfp and eNOS-/-.gfp
chimeric mice were utilized to characterize the contribution
of WT HSC and EPC to the correction of vascular dysfunc-
tion in these knockout mice. The absence of iNOS as observed
in the iNOS~/~ mice protected against the development of
retinal pathology and resulted in reduced generation of ni-
trotyrosine following long-term galactose feeding, whereas
eNOS-/~ mice fed galactose showed an increase in nitrotyro-
sine and progressive retinal pathology. In the laser injury
model, the eNOS-/~.gfp chimeric mice showed more dramatic
incorporation of gfp* cells in retinal blood vessels, whereas
the iNOS—/~ mice responded in a less dramatic manner, simi-
lar to the WT.
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FIG. 3. Mice were transplanted with gfp* donor stem cells that were Sca-1*, c-kit*, Lin— (i.e., HSC), and then neovascu-
larization was induced by VEGF overexpression, followed by ischemic insult in the form of branch retinal vessel photoco-
agulation. (A) Typical neovascular tuft from an iNOS~/~.gfp animal. Yellow fluorescence indicates perfusable vessels composed
of gfp* cells. The vessel architecture is typical of what is seen in WT animals treated in an identical fashion. (B) Neovascular area
on the retina of an eNOS—/~.gfp animal is shown and is typical of the abnormal, nonperfused vessels seen. Note the high density,
tortuosity, and lack of branching in the nonperfused green blood vessels in these animals. Original magnification of both micro-

graphs was X40.

We postulate an increase in nitrotyrosine in the retinal vas-
culature in eNOS—/~ mice at the time the retina is made is-
chemic by laser treatment. This ischemia could release a cas-
cade of O, - from NADH oxidase due to hypoxia (17), and
increased NO is present because iNOS is over expressed in
the eNOS—/~ mice (1, 2).

In contrast, the iNOS-/~ mice, which only expressed
eNOS, are protected during ischemia because eNOS produces
only small amounts of NO. This low level of NO formation
would not result in elevated levels of ONOO- because NO is
the limiting factor in ONOO- formation where there is an ex-
cess of O, as is seen in galactosemia in all the mice. Thus,
iNOS deficiency results in protection from the deleterious ef-
fects of galactosemia because there is no excess of NO in the
presence of elevated levels of O, ~. At the same time, there is
no loss of “low level” NO production because eNOS is pres-
ent and eNOS is “protective” to retinal endothelial cells.

By comparison, eNOS deficiency results in the expression
of iNOS, which produces a high level of NO, thereby facili-
tating vasoconstriction as a result of reduced availability of
NO due to ONOO- formation, increased leukocyte and plate-
let adhesion, and altered vascular pathology. The presence of
galactosemia and laser injury accelerated the retinal pathol-
ogy of the eNOS-/~ mice, leading to even more aberrant reti-
nal changes.

The increases in vascular NADH oxidase activity observed
in galactose-induced retinopathy are comparable to those
demonstrated in the BBZ/Wor rat model of spontaneous type
II diabetes (12, 13). There were low levels of nitrotyrosine in
the retinas of iNOS-/~ mice despite the increase in NADH
oxidase activity associated with the plasmalemma of astro-
cyte processes and with the vasculature. There was disruption
of the basal infoldings in the RPE of the galactose-fed WT

and eNOS /- mice. Structural damage clearly appeared to be
greater in these mice than in the iNOS—/~ mice.

These findings implicate iNOS-generated NO as an impor-
tant species in the generation of ONOO- and nitrotyrosine
and subsequently the reduced bioavailability of NO in retinal
pathology associated with diabetes.

Pilot studies of basement membrane thickening in galac-
tose-induced diabetes demonstrated that the retinal capillary
basement membranes of eNOS—/~ mice on a diet of normal
chow or 30% galactose were approximately twice as thick as
those from age-matched WT and iNOS~/~ mice on normal
rodent chow or 30% galactose (11). These observations fur-
ther support the deleterious effect of iNOS activation.

The low turnover rate of the retinal endothelium results in
infrequent endothelial cell replacement in the absence of in-
jury. Previously, we demonstrated that new retinal vessels are
formed from circulating HSC and EPC in this laser-induced
injury model (18). This model is suited for exploration of
what dictates resident endothelial cell-driven versus HSC/
EPC-driven vascular repair. In this model, donor-derived
HSC/EPC significantly contribute to neovascularization. In
the eNOS-/~.gfp mice, the retinal vasculature, along with the
vasculature of other unrelated organs, was entirely replaced
with donor-derived WT EPC. The eNOS~/~.gfp mice demon-
strated dramatic incorporation of WT gfp* cells into newly
forming preretinal vessels. Interestingly, these vessels were
not patent and were never found perfused. However, copious
amounts of new vessels were formed on the surface of
the retina, and complete vascular tufts were made from the
gfpt cells, without any contribution by the resident endo-
thelial cells.

We conclude that resident endothelial cells in the eNOS—/~
mice are in a state of chronic injury, releasing chemokines
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such as stromal derived factor-1 and growth factors such as
VEGEF that facilitate the homing and repair by WT EPC in
areas of injury. Widespread donor-derived HSC/EPC con-
tributed to the retinal vasculature in the eNOS~/~ recipients
and formed dramatic preretinal neovascularization. We spec-
ulate based on this that the NO pathway may be critical in de-
termining vascular repair following injury. In both physiolog-
ical repair and pathological repair, HSC/EPC contribute to
neovascularization. We also show that donor WT HSC trans-
planted into iNOS—/~ recipients are functioning in an envi-
ronment where local endothelial NO production is similar to
what is seen in WT, due to the eNOS isoform that is ex-
pressed normally in iNOS—/~ mice.

With our animal system, we can be confident about which
NOS is the source of the NO generated, but not the actual
amount of NO produced. Clearly, lacking the activity of one
NOS isoform has significant consequences for HSC/EPC-
driven neovascularization. Furthermore, although VEGF has
been shown to be an upstream mediator of NO (35), these two
pathways can function independently in neovascularization,
because modification of the NO pathway independent of
VEGEF treatment affects blood-vessel formation, as is seen in
eNOS-/~ animals.

Our model provided WT HSC to the eNOS—/~ animal, po-
tentially correcting any stem cell defect present in these
eNOS~/~ mice. eNOS is essential for the functional activity
of HSC/EPC. Defective mobilization of stem and progenitor
cells contributes to the impairment of ischemia-induced neo-
vascularization in eNOS—/— mice (1, 2) as eNOS—/~ mice
demonstrated impaired angiogenesis (29). Mice deficient in
eNOS showed reduced activity of matrix metalloproteinase-9
(MMP-9) that may underlie the mobilization defect in
eNOS-/~ mice described by Aicher et al. (1, 2). This defect
would not be present in the eNOS-/~.gfp chimeric mice re-
constituted with WT donor cells. Recent data identified
MMP-9 as a major target for NO, which activates MMP-9 by
S-nitrosylation (19) via ONOO~-. NO, either alone or in com-
bination with reactive oxygen intermediates released by bone
marrow cells after hematotoxic treatment such as chemother-
apy, may participate in damage to bone marrow tissue.

In addition to regulating MMP-9, NO modulates prolifera-
tion, differentiation, and apoptosis in a variety of cell types
(9, 29, 43). Aicher et al. postulated that endothelium-derived
NO interferes with cell-cycle progression and/or differentia-
tion of stem cells in the bone marrow (2). Papapetropoulos ef
al. demonstrated that autocrine production of NO appeared to
be necessary for in vitro capillary tube formation, including
vascular networks developing in response to VEGF (32, 33).

In conclusion, NO is a highly reactive molecule that can
complex with the iron in heme-containing proteins, leading to
inhibition of mitochondrial respiration, inhibition of DNA
synthesis, and cytotoxicity. As shown in this study, NO can
combine with reactive intermediates such as O, ~, thereby
generating additional toxic ONOO- and hydroxyl radicals
that induce tissue injury. In addition to the toxic nature of
ONOO- , there is also a reduction in bioavailability of NO in
the vascular endothelium where NO is known to play a signif-
icant role in vascular homeostasis. Reduction in the bioavail-
ability of NO in the vascular endothelium occurs when there
is an elevation of O, ~ as a result of elevated levels of NADH
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oxidase and increased levels of NO generated by iNOS; this
results in increased production of ONOO- (measured by ni-
trotyrosine) and occurs in hyperglycemia, galactosemia, isch-
emia, and hypoxia. Our studies support the critical participa-
tion of NO, which at physiological levels is the key modulator
of normal vascular homeostasis, but at elevated levels can be
associated with considerable vascular pathophysiology. The
regulation of NOS activity as a means to influence the remod-
eling of vascular beds may provide specific treatment regimes,
and this model is a useful system for investigating the NO
pathway on hemangioblast activity.
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ABBREVIATIONS

ANCOVA, analysis of covariance; BRB, blood-retinal
barrier; DPI, diphenyleneiodonium; eNOS, endothelial NOS,
also NOS3; EPC, endothelial precursor cell(s); FITC, fluo-
rescein isothiocyanate; gfp, green fluorescent protein; H,0,,
hydrogen peroxide; HSC, hematopoietic stem cell(s); iNOS,
inducible NOS, also NOS2; MMP-9, matrix metallopro-
teinase-9 NIDDM, non—insulin-dependent diabetes mellitus;
NO, nitric oxide; NOS, nitric oxide synthase; O, ~, superox-
ide radical; ONOO-, peroxynitrite; PBS, phosphate-buffered
saline; ROS, reactive oxygen species; RPE, retinal pigment
epithelium; SOD, superoxide dismutase; TBS, Tris-buffered
saline buffer; VEGF, vascular endothelial growth factor; WT,
wild type.
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