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INTRODUCTION

The purpose of this study was to explore the mechanism of vaso-obliteration in
oxygen-induced retinopathy. A description of the retina and retinal vasculature, followed
by information about retinopathy of prematurity, reactive oxidants, nitric oxide synthase
and apoptosis signaling pathway, is provided below.

Structural Organization of the Retina

Retina is a tissue that is specialized for recervmg and converting light into
neuronal impulses and transmitting them to the brain. It is a thin, semitransparent, multilayered sheet of neural tissue that lines the inner aspect of the posterior five-sixths of the
wall of the eyeball.

The outer surface of the retina is in close contact with Bruch's

membrane while the inner surface is adjacent to the vitreous body.

The mature retina

consists of the outer retinal pigment epithelial cell layer and the inner neuro-retina layer,
which is an extension of brain tissue. Histologically, the neuro-retina can be further
divided into nine layers, which are, from outside to inside, 1) layer of rods and cones, 2)
external limiting membrane, 3) outer nuclear layer, 4) outer plexiform layer, 5) inner
nuclear layer, 6) inner plexiform layer, 7) ganglion cell layer, 8) nerve fiber layer, and 9)
inner limiting membrane (Fig 1). The cells of the neuro-retina consist of neurons
including ganglion cells, bipolar cells, rods and cones, amacrine cells and horizontal
cells; and glial cells such as Muller cells, astrocytes and microglia.

Figure 1. Layers of the mammalian retina. (A) Hematoxylin and eosin stained section

of mouse retina in which the ten histological layers can be identified {400 x).

(B)

Schematic diagram of the retina depicting the ten layers of the retina and the cells within
them (Ogden, 1994). ILM:

inner limiting membrane, NFL: nerve fiber layer; GCL:

ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer
plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; IS: inner
segment layer; OS: outer segment layer; RPE: retinal pigment epithelial cell layer; As:
astrocyte; G:

ganglion cell; Am:

amcrine cell; DA: displaced amacrine cell; B:

bipolar cell; H: horizontal cell; M: Muller cell; C: cone photoreceptor cell; R: rod
photoreceptor cell.
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During development, the retina is derived from the optic cup. The outer layer
becomes the pigment epithelium of the retina. The inner layer of the optic cup undergoes
a complicated differentiation into the other nine layers of the retina.

Retinal Vasculature
The mature retina rece1ves its blood supply from two sources: (1) the
choroicapillaries immediately outside Bruch's membrane, which supplies the outer third
of the retina, including the outer plexiform layer and outer nuclear layer, the rods and
cones, and the retinal pigment epithelium; (2) the branches of the central retinal artery,
which supply the remaining cell types located in the inner two-thirds of the retina. The
vascular bed derived from the central retinal artery is further divided into a superficial
plexus, which is located in the nerve fiber layer, and a deep plexus, which is located in
the inner and outer plexiform layers in the mouse and in the inner plexiform and inner
nuclear layer in humans-(Fig 2).

In the fetus, the blood supply to the inner retina is mainly provided by the hyaloid
vessels. At post-gestational month 4, the hyloid vessels start to regress, and retinal blood
vessels begin to emerge through the optic disc and spread towards the periphery. There is
a time difference in the rate of vessel development between the nasal and temporal parts
of the retina. For the nasal part, the retinal blood vessels reach the ora serrata at post
gestational month 8; while for the temporal part, the vessels are not fully developed until
post gestational month 10 or shortly after term (Palmer, 1994) Therefore, in premature
infants, the retinal blood vessels, especially those on the temporal side, are still immature,
similar to the premature stage ofthe lung vessels.

Figure 2.

Schematic diagram of retinal vessel distribution in tlze lzuman retina.

Retinal blood vessels are shown in nerve fiber layer, inner plexiform layer and inner
nuclear layer. The retinal vessel distribution is different in mouse and in humans: In the
mouse, vessels are not found in the inner nuclear layer; instead, vessels are located in the
outer plexiform layer. Modified from (Newell, 1996).

Arteriole

Figure 2
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The retinal blood vessels have a non-fenestrated endothelium, which forms the
inner blood-retinal barrier. The endothelium of the choroidal vessels is fenestrated. The
outer blood-retinal barrier, therefore, is located at the level of the retinal pigment
epithelium and is formed by the retinal pigment epithelial cell tight junctions (Vaughan,
1992).
There is some controversy regarding the mechanism by which the retina becomes
vascularized.

Vascular development in general involves vessel formation either by

vasculogenesis or angiogenesis, and vessel remodeling, which includes vessel regression
and vessel maturation.
Vasculogenesis refers to the emergence of blood vessels occurring de novo in the
early embryo. It is the earliest stage of vascular development, during which vascular
endothelial cell precursors, angioblasts, undergo differentiation, expansion, and
coalescence to form a network of primitive tubules. These primary capillary plexuses are
homogenously sized interconnected vessels and are composed solely of endothelial cells.
Tissues that are vascularized by vasculogenesis generally have endodermal and
mesodermal origin. Such organs include the heart tube, dorsal aorta, lung, spleen and
pancreas (Pardanaud eta!., 1989).
Angiogenesis is the process through which new blood vessels arise from
preexisting vessels. It involves the sprouting, branching, and differential growth of blood
vessels to form the more mature appearing vascular patterns seen in the adult organism.
It involves attraction and proliferation of endothelial cells into previously avascular

regions of the embryo that emit appropriate stimuli, and also the differential recruitment
of associated supporting cells, such as smooth muscle cells and pericytes. Tissues of
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ectodermal and mesodermal derivation, such as the kidney and brain, are thought to be
vascularized primarily via angiogenesis (Pardanaud et al., 1989).
Although the retina is an extension of the brain in which vessels are formed by
angiogenesis, it is believed now that the superficial plexus of retinal blood vessels, which
is located within the nerve fiber layer, is formed via vasculogenesis, and the deep plexus,
which is located within the plexiform layers, is thought to be formed through
angiogenesis (McLeod et al., 1987; Hughes et al., 2000).

General Aspects ofRetinopathy 'of Prematurity (ROP)

ROP was first reported in the early 1940's by Terry (Terry, 1942), and was named
as Retrolental Fibroplasia, because it was the late fibrous stage of this disease that could
be detected in human infants at that time. It is now clear that the clinical process of ROP
includes early vasoconstriction and vasa-obliteration at the leading edge of the
developing retinal vessels, then neovessel formation, retinal detachment and fibrotic
changes of retina and vitreous, which are also called proliferative retinopathy (Fig 3).
ROP is a potentially blinding disorder of retinal vascular development affecting
mostly premature infants. ROP is the leading cause of blindness in infancy in the United
States (Peterson, 1994). As the survival rate for low birth weight premature infants

.I
continues to increase, the problem of ROP is getting ev.,:n worse (Gibson et al., 1990).
Based on current epidemiological data regarding survival and birth-weight-specific ROP
incidence rates, it has been estimated that up to 16,000 of these premature babies will be
affected by ROP.

Of those affected, up to 1500 will have severe ROP that will be

Figure 3. Schematic diagram showing the two phases of ROP. (A) Hyperoxia induced

vasoconstriction

and

vasoobliteration.

(B)

Relative

hyerpoxia

induced

neovascularization. ([]) represents vascular closure of the most anterior and immature
retinal vascular bed. Arrow in (B) points to the neovessels developed immediately
posterior to the area of capillary obliteration.

From (Schachat,

1994).

>
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potentially blinding, and will require surgical intervention with laser or cryotherapy
(Quinn et a!., 1992). Many more will suffer from significant abnormalities in binocular
vision and refractive development that occur with increased frequency in individuals with
ROP. Since this disease occurs at the outset of life, it may lead to a lifetime of visual
disability for affected individuals rysulting in considerable inconvenience and cost for the
family members and society.

Current Concepts Regarding the Pathogenesis ofROP

The use of high levels of supplemental oxygen in neonatal intensive care was
linked to the pathogenesis of ROP in the 1950's.

During the following decades,

experimental work in animals and clinical observations in human infants suggested that
exposure of the developing retina to relative hyperoxia associated with premature
exposure to the extra-uterine environment damages retinal capillaries and impairs
vasculogenesis (Patz, 1982). The concentration of oxygen in peripheral tissues ex utero
is 40 mmHg and much higher than that found in utero (15 mmHg) (Guyton, 1981; Seeds,
1990).

Therefore, even with careful monitoring of the P02 level and limiting the

supplemental oxygen concentration to a level that just meets those babies' premature lung
function, the oxygen level is still higher than that in utero. Thus, ROP continues to
increase in the modem neonatal intensive care unit. Hyperoxia-induced vaso-constriction
and vase-obliteration appears during this early stage, which is also called the vaseobliteration phase of ROP.

The resulting vascular insufficiency ultimately produces

hypoxia in the inner retina, leading to a poorly controlled process of. retinal

9
vascularization and the .development of proliferative, vision-threatening retinopathy.
This later stage is the relative hypoxia phase, also called the neovascularization phase.
Although the initial high level of oxygen is believed to be the cause of this
disease, the mechanism by which high oxygen leads to retina capillary obliteration
remains unclear.

The overall goal of this research project was to elucidate this

mechanism.
There are two trains of thought regarding the mechanisms associated with the
pathogenesis of ROP.

They are: 1) direct oxidative damage of the vessels is caused

when endogenous antioxidant mechanisms are overwhelmed by reactive oxygen species
(ROS), such as superoxide (Oz·], hydrogen peroxide (HzOz), hydroxyl radical ("OH) and
peroxynitrite (ONOO); and 2) vascular damage is caused by alterations in the balance
between angiogenic and anti-angiogenic factors.
ROS can be produced by normal metabolic processes, like the monovalent
reduction of molecular oxygen to water, but their formation is more likely to be increased
under unusual circumstances in which systemic oxygen levels are high, such as exposure
of premature infants to supplemental oxygen, a routine practice in the neonatal intensive
care unit.

ROS are extremely unstable and can cause cytotoxicity by reacting with

plasma membrane lipids, DNA, RNA and metal-containing compounds (Cotran, 1994).
The natural defense mechanisms against ROS include various enzymes, namely
superoxide dismutases (SOD), catalases, the glutathione peroxidase family and other
peroxidases. There are also non-enzYm.e antioxidants including those low-molecularmass agents synthesized in vivo and received from the diet, such as bilirubin, uric acid,
ascorbic acid, 13-carotene and Vitamin E. Sequestration of metal ion is also important in
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antioxidant defense systems. (Halliwell, 1999). These materials are all present in the
healthy adult retina. However, the levels of many endogenous antioxidants increase very
late in gestation in anticipation of birth (Frank and Groseclose, 1984; Nielsen et al.,
1988).

In other words, the premature infant is vulnerable to oxygen-induced retinal

damage for two reasons: 1) overproduction ofROS occurs because of dramatic increases
in the tissue oxygen level, 2) the retinas of premature infants lack sufficient antioxidants
to protect the tissue from oxidative injury. This is supported by studies showing that
SOD is not detected until postnatal day 7 in rat retinas, when the deep retinal vessels start
to emerge from optic disc (Oguni et al., 1995). It has also been shown that infants with
active ROP have low serum levels of reduced glutathione (GSH) (Papp et al., 1999), and
that administration of exogenous anti-oxidants, such as superoxide dismutase (SOD) can
attenuate retinopathy in certain animal models (Niesman et al., 1997; Penn et al., 1997).
The regulation of blood vessel growth, either in normal or pathological
conditions, involves many specific molecules. They can be further divided into direct
angiogenic factors, e.g. vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF); angiostatic factors, e.g. pigment epithelium derived factor (PEDF),
endostatin and angiostatin (Cao, 2001); and other modulating factors, e.g. the platelet
derived growth factor (PDGF) family.

Among the angiogenic factors, the most

compelling evidence is for VEGF as a key positive regulator of vasculogenesis and
angiogenesis. VEGF is a potent endothelial cell specific mitogen and chemoattractant. It
induces endothelial cell proliferation and migration.

It is also a strong vascular

permeability factor. Oxygen tension has been shown to be a key regulator ofVEGF gene
expression both in vitro and in vivo. VEGF mRNA expression is induced by hypoxia
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exposure in a variety of normal and transformed cultured cell types, (Minchenko et a!.,
1994; Shima et a!., 1995). Our studies have confirmed that hypoxia causes increased
production of VEGF protein in C6 glial cells and MUller cells from rat retina. Moreover,
increased pH or hyperglycemia has an additive effect on hypoxia induced VEGF
expression (Brooks eta!., 1998). A series of in vivo studies has provided strong evidence
in support of hypoxic regulation ofVEGF expression, especially in retina vascularization.
Astrocytes and MUller cells express elevated levels of VEGF in the developing retina,
presumably in response to local "physiologic" hypoxia created by the rapidly
differentiating neural elements (Stone eta!., 1995). Once the retinal tissue is vascularized
and the oxygen demand is met, the VEGF expression level is reduced.
PEDF, a recently isolated factor from retinoblastoma cells, has been shown to
have strong antiangiogenic activity (Dawson et a!., 1999). Moreover, it has been shown
that the production of this factor, unlike other antiangiogenic factors, is regulated by
.,

oxygen (King and Suzuma, 2000) .. In contrast with the positive effect of hypoxia on
VEGF expression, there i's decreased production of PEDF protein in the hypoxia
condition and increased production in the hyperoxia condition. This was shown by both
in vitro and in vivo experiments (Dawson et a!., 1999).

Taken together, all of these observations have led to a suggested mechanism for
the pathogenesis of ROP involving oxygen-dependent regulation of VEGF and PEDF.
The premature down-regulation of retinal VEGF (Alon et a!., 1995; Pierce et a!., 1996)
and markedly increased expression of PEDF due to retinal hyperoxia (Dawson et a!.,
1999) may be the key events leading to vaso-obliteration of newly formed capillaries.
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VEGF is also considered to be an endothelial survival factor (Alon et a!., 1995;
Stone eta!., 1995; Pierce eta!., 1996;). Therefore, during the early hyperoxia phase of
ROP, retina tissue and vessels are exposed to high levels of oxidants under conditions in
which levels of defense forces, including both antioxidants and the endothelial survivor
factor VEGF are low.
The PDGF family is known to be expressed in many cell types including
endothelial cells, retinal ganglimi. cells and retinal pigment epithelial cells (Heldin and
Westermark, 1990; Mudhar et a!., 1993).

It has been proposed to function during two

aspects of vessel formation: the paracrine recruitment of mural cell precursors to the
vessel wall and the autocrine stimulation· of endothelial cells. PDGF has also been
implicated to have neurotrophic and gliotrophic effects (Mudhar eta!., 1993). Yamada et
al (Yamada et a!., 2000) showed that PDGF-induced over-proliferation of astrocytes

promoted the survival of endothelial cells through an increase in astrocyte-derived bFGF
in the vase-obliteration phase ofOIR.

Animal Models ofROP
In order to study the pathogenesis of ROP and explore new and better ways to

treat or prevent the occurrence of ROP, many animal models have been set up, including
the rat (Penn eta!., 1994), mouse (Smith eta!., 1994), cat (Chan-Ling eta!., 1992) and
dog (McLeod et a!., 1996). The common aspects of these models are that neonates are
put into a high oxygen environment after birth for various amounts of time and then are
returned to the room air for certain time periods. These animals all have immature retinas
at birth and their retinal vascular development continues postnatally. Thus, when they
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are exposed to hyperoxia during a critical developmental period, they will develop
retinopathy similar to human ROP. In the animal models, such retinopathy is called
oxygen-induced retinopathy (OIR). However, there are some differences present among
different species.

Cat and dog are more like human, and formation of the retinal

vasculature begins during gestation and extends through early postnatal life (Michaelson,
1954; Chan-Ling et al., 1990). Their pathologies are located at the peripheral retina. In
mouse and rat, formation of the retinal vasculature begins later; and the vascular
pathologies are located more centrally. One common aspect in all these models is that
the retina survives after the vasa-obliteration phase and the neovascularization phase.
However, in humans, the retina may survive, but it may also be destroyed by a
proliferation of fibrous tissue not seen in these animal models.

Reactive Oxidative Species (ROS) and Nitric Oxide (NO)-Derived Oxidants

The ROS, superoxide (0 2·j, is formed continually from normal biological
reactions, such as the mitochondrial respiratory chain and NADPH oxidase in
macrophages and neutrophils (Baggiolini and Wymann, 1990; Shigenaga et al., 1994),
and also in pathological conditions, such as ischernia-reperfusion or inflammation. The
ROS H2 0 2 arises directly from enzymes such as monoamine oxidase and from the
dismutation of Oz·· by SOD. The ROS, hydroxyl radical ("OH), is formed from HzOz by
the metal-catalyzed Fenton reaction. Each of these ROS can lead to oxidative damage.
However, 0 2··, H2 0 2 and ·oH are no longer considered to be important mediators of
oxidative stress in vivo as was thought in the past. Neither Oz·· nor HzOz is sufficiently
reactive to cause vascular obliteration.

Hydroxyl radical is far more reactive than Oz··
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and HzOz, but it can only diffuse a few angstroms before reacting and far greater
concentrations of free metals and H20 2 than those present in vivo would be required to
cause oxidative damage (Beckman, 1994; Crow and Beckman, 1996).
The free radical nitric oxide (NO) was first recognized as endothelium-derived
relaxing factor in 1987 (Ignarro eta!., 1987; Palmer eta!., 1987). NO is formed from Larginine, Oz, and NADPH by nitric oxide synthases (NOS) and is used as a diffusible
messenger to regulate vascular tone and modulate intracellular signaling and to kill
pathogens (Bredt and Snyder, 1994). NO reacts rapidly with 0 2·- to form the potent
oxidant peroxynitrite (ONOO). Peroxynitrite is not a free radical, but is a short-lived and
far more reactive species than its precursors (Beckman et a!., 1990). There is now
considerable evidence for ONOO- formation during human pathologies. The strongest
evidence supporting the involvement of ONoo- in oxidative injury is the widespread
finding of the ONOO- marker 3-nitrotyrosine in a range of human tissue samples from
diseases associated with oxidative stress (Beckmann et a!., 1994; MacMillan-Crow et a!.,
1996), particularly in premature human infants who develop bronchopulmonary
dysplasia.

Such elevation of 3-nitrotyrosine is correlated with exposure to high

concentrations of inspired oxygen (Banks et a!., 1998). Oxidation reactions of ONOOinclude DNA damage, leading to base modification (Douki et a!., 1996) and mutation as
well as single- and double-strand breaks (Salgo et a!., 1995; Szabo and Ohshima, 1997).
Peroxynitrite also can oxidize zinc fingers, protein thiols, membrane lipids and iron and
sulfur clusters of biological molecules (Beckman and Koppenol, 1996).

Nitration

reactions are predominantly nitration of phenols, such as nitration. of tyrosine residues in
proteins.

Protein

tyrosine

nitration

by

ONoo-

may

interfere

with
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phosphorylation/dephosphorylation signaling pathways (Kong et a!., 1996; 1i et a!.,
1998) or alter protein function.

Peroxynitrite can also cause nitrosation reactions

(Skinner et a!., 1998; Uppu et a!., 1998). Evidence for ONOO--mediated cellular injury
has been reported in focal cerebral ischemia (Nowicki eta!., 1991; Buisson eta!., 1992;
Huang et a!., 1994; Samdani et a!., 1997), experimental acute renal failure (Noiri et al.,
2001), experimental models of retinal ischemia ( Geyer et a!., 1995; Hangai et a!., 1996;
Adachi eta!., 1998;), and experimental autoimmune uveitis (Wu eta!., 1997).

Nitric Oxide Synthases (NOS)
NO is synthesized in mammalian cells by a family of three NO synthases (NOS).
They are neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).
The human genes encoding them are termed NOSJ, NOS2, and NOS3, respectively.
Three NOS isoforms share some important biochemical features: 1) The three human
NOS isoforms have - 55% homology in overall amino acid sequence, particularly in
regions of the proteins important for catalysis (Michel, 1995). 2) The three isoforms
share· a similar catalytic scheme in a complex reaction, involving the five-electron
oxidation of the terminal guanido nitrogen of the amino acid 1-arginine to form NO plus
1-citrulline. Molecular oxygen and NADPH are served as co-substrates with numerous
other redox cofactors including enzyme bound hem, reduced thiols, FAD, FMN, and
tetrahydrobiopterin.

3) For all three NOS isoforms, NO synthesis depends upon the

enzyme's binding of the ubiquitous calcium regulatory protein calmodulin. However,
eNOS and nNOS are Ca2+ dependent, while iNOS is able to bind cahnodulin with
extremely high affinity even at the low concentration of intracellular Ca2+. nNOS was
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originally purified and cloned from neuronal tissues. However, nNOS is now known to
be widely distributed, as is eNOS. eNOS has been found to be expressed

in cardiac

myocytes, blood platelets, and brain as well as in vascular endothelium. iNOS, originally
purified and cloned from an immunoactivated macrophage cell line, has also been found
in cardiac myocytes, glial cells, vascular smooth muscle cells, retinal pigment epithelial
cells and others (Michel and Peron, 1997).

Both nNOS and eNOS were initially

considered to be constitutively expressed. However, it is now known that they can be
induced under different physiological conditions, such as hemodynamic shear stress or
nerve injury.

Converseiy, iNOS may function as a· "constitutive" enzyme under

physiological conditions in some cells (Michel and Peron, 1997).
All three NOS isoforms have been shown to be present in the retina. nNOS has
been extensively studied in retinas from human (Dawson et a!., 1991; Neufeld et a!.,
2000), rat (Goldstein eta!., 1997; Lopez-Costa eta!., 1997; Shin eta!., 1999), pig (Meyer
eta!., 1999), amphibians (Kurenni eta!., 1995), and fish (Djamgoz eta!., 1996; Shin et
a!., 2000) and others. nNOS is present in the ganglion cell layer, the inner nuclear layer,
the photoreceptor layer and has been identified in retinal cells, including ganglion cells,
amacrine cells, horizontal cells, bipolar cells, Muller cells and rods and cones. eNOS is
mainly located in the retinal vascular endothelial cells (Meyer et a!., 1999). iNOS was
shown to be constitutively present in ganglion cells, Muller cells and photoreceptor cells
(Lopez-Costa eta!., 1997), and was shown to be induced in cultured RPE cells (Goureau
et a!., 1994). It can be induced in pathological conditions such as glaucoma (Liu and
Neufeld, 2000), uveitis (Zhang et a!., 1999) and ischemic conditions (Sennlaub et al.,
2001).
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Regulation of NOS function is a complicated issue. All three NOS isoforms can
be regulated at transcriptional, post-transcriptional, translational, and post-translational
levels (Nathan and Xie, 1994).
Oxygen' effects on NOS expression and activity have been reported for all three
isoforms. Liao et al. (Liao et al., 1995) reported that hyperoxia upregulated eNOS
mRNA level and enzyme activity while hypoxia downregulated eNOS expression and
activity in bovine pulmonary artery endothelial cells. This was confirmed by several
other groups (Dai et a!., 1995; North et a!., 1996; Phelan and Faller, 1996). However,
opposite results were stated by Arne! eta!. (Arne! eta!., 1996), who showed that hypoxia
increases the amount of eNOS mRNA and protein, but not the enzyme activity in bovine
aortic endothelial cells. iNOS gene expression has been shown to be upregulated by
hypoxia in pulmonary endothelial cells (Palmer et a!., 1998) and cardiac myocytes (Jung
et a!., 2000). Both nNOS and iNOS expression were shown to be increased in Muller
cells in ischemic rat retina (Kobayashi et a!., 2000).

Apoptosis and Anti-Apoptotic Phosphatidylinositide 3'-0H Kinase (PI3K)/c-AKT Kinase
Signaling Pathway
In the vessel obliteration phase of ROP, the main pathology observed is the

disappearance of newly formed capillaries because of apoptosis of retinal vascular
endothelial cells (Alon eta!., 1995). Apoptosis, also called programmed cell death, was
first observed nearly a century ago (Collin, 1906).

It occurs as part of normal

mammalian development and also in pathological conditions.

This extremely well

organized process involves DNA fragmentation, membrane blebbing, cell shrinkage and
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disassembly into membrane-enclosed vesicles.

The exact details of the apoptotic

pathways are still to be fully determined. Currently two most .well-studied pathways
involve caspases, a family of cysteine proteases (For review, see (Cohen, 1997; Grutter,
2000)) One pathway relies on a cell surface stimulus, the death ligand, and is also known
as the extrinsic pathway. Caspase-8 and caspase-1 0 are recruited in this process. The
other is the intrinsic pathway, which occurs as a consequence of cellular stress and is
mediated by cytochrome c in the mitochondria.

It is also called the mitochondria-

initiated pathway. In this pathway, caspase 9 is activated. Both pathways lead to the
activation of downstream executioner caspases, caspase 3 and 7. They then inactivate or
activate their specific cellular protein targets by proteolysis. It is known that cellular
proteins that contain the amino acid motif DEVD, which stands for aspartic acid,
glutamic acid, valine and aspartic acid, are the substrate of caspase-3. They include poly
ADP ribose polymerase (PARP), the 70 KD protein of the U1-ribonucleoprotein and a
subunit of the DNA dependent protein kinase. Activated caspase-3 will then cleave these
substrates. Therefore, increases in the amount of caspase-3 activity and in the amount of
cleaved PARP are early signs of apoptosis.
The induction of developmental cell death is a highly regulated process and can
be suppressed by a variety of extracellular stimuli. Nerve growth factor (NGF) was first
found to promote the survival of sympathetic neurons in the 1950s (Levi-Montalcini,
1987). This set the stage for the discovery that peptide trophic factors promote the
survival of a wide variety of cell types in vitro and in vivo. Recently, the ability of
trophic factors to promote survival has been attributed, at least in part, to the PI3K/cAKT kinase signaling cascade. AKT has been hypothesized to be a crucial mediator of
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survival signals (Fig 4). Activated AKT can phophorylate the proapoptotic protein BAD
(del Peso et a!., 1997). This phosphorylation allows for BAD association with the
adaptor protein 14-3-3, a protein that can interact with several signaling enzymes and
dissociation from BCL-XI, which is then free to resume its function as a suppressor of
apoptosis (Zha et a!., 1996). Therefore, inhibition of PBK/AKT signaling pathway will
facilitate apoptosis. In other words, one way to initiate apoptosis is to down-regulate Akt
activity (Datta et a!., 1999).

Hypothesis and Specific Aims

The overall goal of this study was to explore the possible molecular mediators of
vasa-obliteration in retinopathy of prematurity. Vasa-obliteration is the early hyperoxiainduced pathology. It leads to the later relative hypoxia in the retina tissue, because the
insufficient blood supply cannot meet the increasing demands of oxygen from the
developing retina. Such retinal hypoxia then causes the blinding outcome through the
formation of neovessels and subsequent vitreous bleeding and fibrotic change in both
retina and vitreous. Therefore, identification of the possible mediators of hyperoxiainduced vasa-obliteration will help us to understand more about the pathogenesis of ROP
and provide new and better strategies of treating and preventing this disease.
Previous studies have shown that administration of exogenous antioxidants can
attenuate retinopathy in certain animal models and that hyperoxia is able to upregulate
the expression and activity of eNOS in vascular endothelial cells (Liao eta!., 1995; North
eta!., 1996; Phelan and Faller, 1996). Hyperoxia also increases formation of 0 2·- which
rapidly combines with NO to form the highly reactive oxidant ONoo-. Therefore, it is

Figure 4. Schematic diagram showing growth factor-induced PI3Kinase/AKT cell
survival pathway.
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hypothesized that the NO and 0 2·• derived oxidant, ONoo·, play an important role in the
initial vascular injury leading to obliteration of the developing retinal capillaries in
oxygen-induced retinopathy (OIR). It is further proposed that ONOO- causes vascular
injury by modifying the critical intracellular signaling pathway that controls endothelial
cell survival (Fig 5).
This hypothesis has been tested by accomplishing the following specific aims:
1. Establish the OIR mouse model for ROP. Analyze NOS expression and assay the
formation of NO and ONoo· in the vasa-obliteration phase of OIR.
2. Determine whether deletion of the eNOS or iNOS gene alters the vasa-obliteration
phase of OIR. If so, determine whether the gene deletion also reduces ONoo- formation
in the vasa-obliteration phase of OIR.
3. Test whether or not pharmacological inhibition of NOS reduces vascular obliteration
in wild-type mice with OIR.
4.

Establish a tissue culture model for oxygen-induced endothelial cell injury.

Determine the effect of hyperoxia on endothelial cell survival and test whether the effects
are mediated by NO, 0 2·-, and /or ONoo·.
5.

Test whether ONoo· alters the signal transduction pathway for endothelial cell

survival by altering the activity ofPI3K/AKT.

Figure 5. Schematic illustration of the role of the NO and 0[ derived oxidant ONoo·
in hyperoxia-induced vaso-obliteratimz and BREC apoptosis.
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MATERIALS

Animals

C57BU6 mice were obtained from Harlan (Indianapolis, lN). Two types of
eNOS gene deficient mice were used in the experiments. One is C57BU6 x 129 SvJ
mice with a targeted disruption of the eNOS gene, generated as described in detail
previously (Huang et al., 1995). This mouse was kindly provided by Dr. Paul Huang
(Cardiovascular Research Laboratory, Massachusetts General Hospital, Charlestown,
MA). Additional eNOS and iNOS (iNOS-/-) gene deficient mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Both have been backcrossed with C57BU6
wild type mice for more than 10 generations. Therefore, the genetic background of these
mice is greater than 95% identical to the wild-type control, C57BU6 mice.

Cell Culture

Primary bovine retinal vascular endothelial cells (BREC) were prepared from
bovine retinas as described (Feng et al., 1999). Cell culture reagents were purchased
from Gibco BRL (Grand Island, NY), with the exception of fetal bovine serum (FBS),
which was purchased from HyClone Laboratories, Inc (Logan, UT), and CS-C Complete
Medium, which was purchased from Cell Systems Corporations.
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Immuno-analysis
Tissue-Tek OCT was obtained from Miles Laboratories (Elkart, IN). Normal goat
serum was purchased from Jackson ImmunoResearch Laboratories (y/ est Grove, P A),
biotinylated Griffonia simplicifolia Isolectin B4, Texas Red-conjugated Avidin D and
Vectashield® mounting medium for fluorescence were purchased Vector Laboratories
(Burlingame, CA). Monoclonal and polyclonal anti-nitrotyrosine antibodies were from
Caymen Chemical Company (Ann Arbor, MI) and Upstate Biotechnology (Lake Placid,
NY) respectively. Anti-phospho-AKT, anti-PARP antibodies and AKT kinase kit were
purchased from Cell Signaling Technology, Inc (Beverly, MA). Anti-a smooth muscle
actin

antibody

was

obtained

from

Sigma

(Saint

Louis,

MO).

Enhanced

chemiluminescence kit was purchased from Amersham Pharmacia Biotech (Piscataway,
NJ).

Image Analysis
Image analysis of tissue and cells was performed by taking images either with the
fluorescence microscopic Spot Imaging System (Diagnostic Instruments, Sterling
Heights, MI) or with Nikon Diaphot 200 Laser Scanning Confocal Imaging System
(Molecular Dynamics, Sunnyvale, CA). Subsequent analysis was carried out using either
IPLAB Spectrum Scientific Imaging System (Signal Analytics, Vienna, VA) or
Metamorph Imaging System (Universal Imaging Corporation, West Chester, PA).
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Molecular Analysis
Omniscript™ reverse transcriptase, HotstarTaq® DNA polymerase and RNAeasy®
kit were purchased from QIAGEN Inc (Valencia, CA). dNTP was purchased from Gibco
BRL (Grand Island, NY). QuanturnRNA™ 18S internal"standards were obtained form
Arnbion the RNA Company (Austin, TX). SYBRE Green was purchased from Molecular
Probes (Eugene, OR).

Chemicals
Peroxynitrite was purchased from Upstate Biotechnology (Lake Placid, NY).
Hydroethidine was purchased from Polysciences Inc (Niles, IL). NOS inhibitor, L-NNA
and PI3-kinase inhibitor, Wortrnanin, were obtained from Sigma-Aldrich (Saint Louis,
MO).

Caspase-3 fluorometric assay kit was purchased from R&D Systems Inc

(Minneapolis, MN).
All other reagents and chemicals were obtained from Sigma-Aldrich.
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Retinas were incubated overnight at 4°C with biotinylated G. simplicifolia isolectin B4 at
concentration of 15 J.Lg/ml in PBS containing 0.5% Triton X-100. After washing in PBS,
retinas were incubated with Texas red-conjugated Avidin D. Retinas were then washed
and mounted on the slides with Vectashield® mounting medium. Flat-mounted retinas
were then viewed with fluorescence microscopy. The images were captured with a SPOT
digital camera and mapped in a photomontage to show the whole retinas.

IPLab

Spectrum Scientific Image System was used to quantify the area of central capillary
dropout.

Analysis ofNeovascularization

Quantitation of vitreous neovascularization on P 17 was performed usmg a
modification of the technique described by Smith et al. (1994). Briefly, 10-micron thick
serial cryo-sections, each separated by at least 40 microns, were cut sagittally parallel to
the optic nerve and stained with hematoxylin and eosin. The number of neovascular tufts
projecting into the vitreous from the retinas was counted. The neovascularization score
was defined as the mean number of neovascular tufts per section found in 8 sections (four
on each side of the optic nerve) per eye.

Pharmacologic Inhibition ofNOS

C56BL/6 mice (n=7) were given intra-peritoneal injection of the NOS inhibitor LNNA (300 mg/kg) on P7 and P8, immediately before and during exposure to 75%
oxygen. Control mice (n=6) were injected with vehicle, PBS, on P7 and P8. Control and
L-NNA-treated mice were maintained in the same oxygen chamber in 75% oxygen from
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P7 to P9.

Analysis of retinal vaso-obliteration by oxygen on P9 was performed as

described above.

RNA Isolation and Relative Quantitative RT-PCR Analysis

Total RNA from the retinas or BRECs was isolated at different times before and
during oxygen exposure by the guanidine isothiocyanate method using RNeasy® Kit. A
total of 2J.Lg RNA was reverse transcribed for 60 minutes at 37°C with 4 units of
Omniscript™ Reverse Transcriptase, using random primer. One half microliter of eDNA
was added to each PCR reaction.
To determine the linear range ofPCR for each set of primers, different RNA
samples were pooled together and nine identical PCRs reactions were assembled. One
PCR tube was removed every two cycles starting from cycle 18. PCR products were then
separated on a 6% acrylamide gel and stained with SYBRE Green. Digital images were
taken and densities of bands were quantified by AlphEaseTM imaging analysis system
(Alpha Innotech Corporation, San Leandro, CA). Data were plotted to locate the linear
range ofPCR.
18S was used as endogenous standard in PCR reaction. The optimal ratio of
18S:Competimers was determined for accurate quantification, since this can only be
acquired when the ISS is amplified from the RT-PCR at a level roughly similar to the
gene under study.
PCR was performed as follows: 1) for samples from mouse retinas:

gs•c for 15

minutes; 30 cycles for eNOS; and 32 cycles (number within the linear range) for nNOS
and iNOS at 94°C for 1 minute, 62°C for 30 seconds,

n•c for

1 minute, and then

n•c
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for 10 minutes. 2) for samples from BRECs, 95°C for 15 minutes; 26 cycles for eNOS;
and 32 cycles (number within the linear range) for iNOS in BREC at 94•c for 1 minute,
58°C (eNOS) or 60•c (iNOS) for 30 seconds,

n•c

for 1 minute, and then

n•c for

10

minutes. The amplified fragments were then quantified as described above.
The nucleotide sequences of the oligonucleotide primers used for RT-PCR were
selected to span at least one intron-exon splice boundary to eliminate the possibility of
amplification of genomic DNA and were as follows:
1)

mouse

eNOS:

5'-CTCCAACTTAGTGCAGGTCT-3'

and

5'

ATGGTTGCCTTCACACGCTT-3'.
2)

mouse and bovine iNOS:

5'-ACATGCAGAATGAGTACCGG-3' and 5'-

TCAACATCTCCTGGTGGAAC-3'.
mouse

3)

nNOS:

5'-TCAGATCTGATCCGAGGAGG-3'

and

5'-

TTCCAGAGCGCTGTCATAGC-3'.
4)

bovine

eNOS:

5'-TGCTGCCCAGGACATCTT-3'

and

5'-

AAGAAGGTGAGAGCCTGG-3'.
Densitometry with AlphEaseTM imaging analysis system (Alpha Innotech
Corporation, San Leandro, CA) was used for data analysis.

Measurement ofNitrite and Nitrate

NO production was determined by measuring the level of nitrite and nitrate, the
oxidized products ofNO by either Greiss Assay or DAN reaction.
The Greiss assay (Bredt and Snyder, 1994), a colorimetric determination for
nitrite, was used to measure the nitrate and nitrite levels in the supernatant of PBS-
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homogenate of normoxia or hyperoxia exposed mouse retinas.

Briefly, 210 Jll of

homogenate of pooled mouse retinas were incubated with nitrate reductase enzyme (lOU)
and NADPH (12.5 mM) for 30 minutes at 37°C to convert the nitrate to nitrite. The total
nitrite was then determined by additio~ of 200 mU of L-Glutamate dehydrogenase, 100
mM ~Cl and freshly prepared 4 niM of a-ketogluterate. The mixture was incubated at
37°C for 10 minutes followed by addition of 250 Jll of Greiss Reagent and incubation for
another 5 minutes. The absorbance at 543 nm was recorded versus the blank. A standard
curve was generated using 1, 2, 5, 10 and 50 JlM of nitrite and nitrate.
A fluorometric assay using DAN reagent (2,3-diaminophthalene) (Misko et a!.,
1993) was used to measure the levels of nitrite in the conditioned medium from BREC
treated with either 21% 0 2 or 40% 0 2 •

DAN is reacted with nitrite under acidic

conditions to form 1-(H)-naphthotriazole, a fluorescent product. Briefly, 250 Jll of
conditioned medium and standards were incubated with 30 Jll DAN reagent (633 JlM in
0.67N HCl) at room temperature in the dark for 15 minutes. The reaction was stopped by
adding 30 Jl1 2N NaOH.

The fluorescence was measured with a Cytofluor 4000

spectrophotometer (Framingham, MA) with an excitation at 360 nm and emission at 409
nm. A standard curve was generated using 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10 JlM of
nitrite.

Nitrite concentrations of different samples were calculated from the standard

curve.

Superoxide Measurement
Superoxide production was detected with a revised method using the oxidative
fluorescent dye hydroethidine (HE) (Miller eta!., 1998). HE is freely permeable to cells.
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In the presence of superoxide, this dye is oxidized to ethidium bromide (EtBr), which is

trapped by intercalating with the DNA (Rothe and Vale!, 1990) resulting in a
fluorescence signal that can be quantified by densitometry.

Addition of hydrogen

peroxide or other oxidants does not significantly increase EtBr fluorescence (Carteret a!.,
1994).
Bovine retinal endothelial cells were cultured on 6-cm dishes.

Cells were

incubated in either 21% 0 2 or 40% Oz for 4-6 hours. Cultures were incubated in HEPES
buffer (pH 7.4) for 30 minutes and then 2 pM HE was topically applied to the cells while
the dishes were kept in the dark in the incubator. The cultures were maintained in the
same 21% or 40% 0 2 environment during treatment. After twenty-minutes, the reaction
was stopped by switching to fresh HEPES buffer which had been saturated with either
21% Oz or 40% Oz. Images were obtained using a laser scanning confocal microscope
equipped with a krypton/argon laser. Normoxia and hyperoxia treated BRECs were
processed and imaged in parallel. Laser settings were identical for acquisition of images
from both specimens.

Immunohistochemistry

Immunofluorescence analysis was used to localize nitrotyrosine in mouse retina
sections. Eyes from C57BL/6 mice were enucleated and frozen immediatedly in TissueTek OCT embedding medium. Cryo-sections were cut at 10 J.lm thickness and stored at
-20°C. At the time of experiment, sections were allowed to dry at room temperature for 5
minutes and were then fixed in 4% paraformaldehyde for 5 minutes. After three washes
in PBS, sections were blocked for 60 minutes with 10% normal goat serum in PBS
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containing 0.1% Triton X-100. Sections were then incubated with polyclonal antibody
against nitrotyrosine at a dilution of 1:50 overnight at 4"C in a humidified chamber.
Incubation with PBS served as a negative control. After thorough washing with PBS,
sections were incubated with Oregon Green-conjugated goat anti-rabbit IgG at a dilution
of 1:200. Cryosections were viewed and images were obtained using Laser Scanning
Confocal hnaging.

Preparation of Cell or Retina Tissue Lysates for Immunoblotting Analysis

For cell lysates, medium was aspirated and the cells were scraped into 5 ml ice
cold PBS. After pelleting, the cells were lysed in modified RIPA buffer (20 mM Tris [pH
7.4], 2.5 mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 40 mM NaF, 10
mM N~L~P 2 0 7 , and 1 mM PMSF) for 30 minutes on ice. Insoluble material was removed

by centrifugation at 12,000 x g at 4"C for 30 minutes. The protein concentrations were
determined by Bio-Rad protein assay. For retina lysates, retinas were isolated, pooled
and homogenized in the above lysis buffer.

Soluble protein was extracted by

centrifugation as described previously.
For nitrotyrosine measurement usmg slot-blot, 25J.lg total protein was
immobilized onto a PVDF membrane using the 40-well BioDot SF microfiltration unit
(Bio-Rad). For other protein analysis such as cleaved PARP, phospho-AKT or actin, 80
J.lg of total protein were boiled in 2x Laemmli sample buffer, separated on a 10-12%
SDS-polyacrylarnide gel by electrophoresis and then transferred onto a nitrocellulose
membrane. Both types of membrane Lere blocked with 5% non-fat milk and reacted
with antibody.

The primary antibodJ

~as detected using a horseradish peroxidase-
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conjugated goat anti-mouse or anti-rabbit antibody and enhanced chemiluminescence.
Intensity of immunoreactivity was measured using densitometry.

Immunoprecipitation and AKT Kinase Assay

Bovine retinal endothelial cells plated in 10 em dishes were treated with or
without peroxynitrite, wortmanin, VEGF or bFGF for the desired time. Celllysates were
prepared as described above for immunoblotting. For immunoprecipitation, 500

~J.g

total

proteins were incubated with immobilized AKT 101 monoclonal antibody (containing
beads) overnight at 4°C with gentle rocking. The beads were washed twice with lysis
buffer and kinase buffer (25 mM Tris [pH 7.5], 5 mM

~-Glycerolphosphate,

2 mM DTT,

0.1 mM Na3V04, 10 mM MgCh) once. Beads were further incubated in 40 111 kinase
buffer supplemented with 200

~J.M

ATP and

1~J.g·GSK-3

fusion protein for 30 minutes at

30"C. The reaction was terminated with 20 111 ·3x SDS sample buffer. After boiling and
centrifuging, the supernatant was loaded on 12% SDS-PAGE gel.

Western

immunoblotting was carried out on the nitrocellulose membrane with phopho-GSK-3a/~
(Ser21/9) antibody as the primary antibody. Horseradish peroxidase-conjugated goat
anti-rabbit antibody and enhanced chemiluminescence were used to detect the primary
antibody. Intensity of immunoreactivity was measured using densitometry.

Caspase-3 Activity Assay

Caspase-3 is an intracellular cysteine protease that exists as a pro-enzyme. It
becomes activated during the cascade of events associated with apoptosis. To detect early
apoptosis, Caspase-3 Fluorometric Assay Kit (R&D Systems) was used for BRECs
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treated with 21% 02 (normoxia) and 40% 0 2 (hyperoxia). Briefly, cells were collected
and lysed in the cell lysis buffer provided with the kit. Cell lysates were centrifuged at
12,500 x g or 10 minutes to remove the pellet.

The protein concentration of the

supernatant was determined by Bio-Rad protein assay. Fifty microliters of cell lysate of
each sample were incubated with 50 J.ll of 2X Reaction Buffer and 5 J.Ll of Caspase-3
fluorogenic substrate (DEVD-AFC) at 37°C for 1-2 hours.

The fluorescence was

measured with a Cytofluor 4000 spectrophotometer (Framingham, MA) with an
excitation at 400 nm and emission at-505 nm and·normalized with protein concentration.
The results were expressed as fold increase in caspase activity of apoptotic cells over that
of normal growing cells.

Statistical Analysis
Each experiment was repeated at least two times. Results were expressed as mean
± standard error.

Statistical significance was determined by One-way or Two-way

ANOVA test using STAT VIEW. A p value less than 0.05 was considered significant.
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RESULTS

Aim I. A) Establish the OIR Mouse Model for ROP. B) Analyze NOS Expression and
Assay the Formation ofNO and ONOo· in the Vasa-obliteration Phase ofOIR.
A. OIR Mouse Model for ROP
In order to study the mechanism of vasa-obliteration in retinopathy of

prematurity, a mouse model ofROP was set up in the laboratory. According to Smith et
a!. (1994), exposure of mice to hyperoxia (75% Oz) from P7 to Pl2 leads to decreased
central perfusion because of dramatic central retinal capillary dropout. Therefore, a time
course analysis of hyperoxia induced central vasa-obliteration was done by exposing
C57Bl/6 pups aged P7 to 75% oxygen for 8, 24, 48 hrs and 5 days. Both fluorescence
dextran perfusion and immunohistostaining with biotinylated Grijfonia Simplicifolia
Isolectin B4 were carried out on the whole mount retinas and they showed similar results.
A quantitative time series analysis of the lectin-labeled images showed that dropout of
the central capillaries occurred as early as eight hours after hyperoxia treatment (Fig 6).
The size of the central avascular area continued to increase with time and reached a
plateau between 48 hours and 5 days. Because the rate of capillary dropout reached a
plateau at 48 hours, further studies on hyperoxia-induced vasa-obliteration were
conducted using retinas exposed to 75% oxygen for 48 hours. Image analysis showed
that the retinas from P9 room air control mice had a well developed vasculature
extending from the optic disk to the ora serrata (Fig 7 A), wherase the retinas from P9

Figure 6. Time course ofvaso-obliteration in OIR. C57BL/6 mouse litters were placed
in 75% oxygen at P7 and removed to room air after 8, 24, 48 hours and 5 days.
Immunostaining with biotinylated Griffonia simplicifolia isolectin B4 was carried out on
the whole mount retinas. The area ofvaso-obliteration was measured by image analysis.
Central capillary dropout was observed as early as eight hours after hyperoxia exposure.
It continued to increase with time and reached a plateau at about between 24-48 hrs.
Mice raised in the normoxia condition showed no central capillary dropout.
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Figure 7. Hyperoxia induced central vaso-obliterati01z in OIR. C57BL/6 mice were

raised in room air until P9 (A) or maintained in 75% oxygen from P7 to P9 (B), and
retinas were dissected out on P9.

Retinal vessels were visualized by labeling with

biotinylated Griffonia simplicifolia isolectin B4. Flat-mounted retinas were viewed using
fluorescence microscopy. The images were captured with a SPOT digital camera and
mapped in a photomontage to show the whole retina.

Hyperoxia exposure led to

disappearance of the central capillary net, while the large superficial vessels remained
intact (Magnification: 50 x).

..
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mice raised in hyperoxia (P7 to P9) showed

~50%

central capillary dropout (Fig 7B).

The large superficial vessels were still intact, while there was obvious disappearance of
the central capillaries.
The retinas of the normal P17 mice had fully formed vascular plexi that extended
from the optic disc to the periphery in both superficial and deep vascular layers. The
vessels in the superficial layer formed a fine radial branching network (Fig 8A) and those
in the deep layer formed a polygonal reticular network. The mice exposed to hyperoxia
from P7 to P12 and then returned to room air from P12 to P17 showed extensive retinal
neovascularization at the junction between the perfused and the non-perfused retina. The
neovascular tufts were readily seen on the retinal flat-mounts after fluorescein-dextran
perfusion (Fig 8B). In the hematoxylin and eosin stained eye sections, the neovascular
tufts were most abundant at the mid-periphery of the retina at the junction of the central

.

nonperfused and peripheral well-perfused retina. The vascular cells protruded through
the inner limiting membrane into the vitreous (Fig 8D). Quantitative analysis showed a
significant increase in the number of neovascular tufts in the hyperoxia treated mouse
retinas as compared with the normoxia controls (Fig 9). The induction of OIR. in the
newborn C57BL/6 mice was consistent and reproducible. Vasa-obliteration or neovessel
formation did not occur in adult mice exposed to identical hyperoxic conditions (data not
shown). ·

Figure 8. Neovascularization in 0/R. C57BL/6 mice were raised in room air until P17
(A, C) or placed in 75% oxygeniom P7 to Pl2 and returned to room air from P12 to

P17 (B, D).

For imaging retinal vascular perfusion, mice were perfused with

fluorescein-labeled dextran and retinal whole mounts were prepared (A, B). Retinas
were viewed with fluorescence microscopy and images were taken with a SPOT digital
camera (1 OOx).

For imaging vitreous neovascular tufts, retinal cryo-sections were

stained with hematoxylin and eosin and images were takerz at the junction of the central
and peripheral retinas (C, D) (200x).

Neovascular tufts were formed at the junction of

peripheral perfused and central nonperfused retina and protruded through the inner
limiting membrane into the vitreous. The arrowheads in (B, D) point to the neovascular
tufts.

Figure 9.

Quantitative analysis of neovascularization in OIR. C57BL/6 mice were

raised either in room air from birth to Pl7 (Normoxia) or were plqced in 75% oxygen
from P7 to P 12 and returned .to room air until P17 (Hyperoxia). Mean neovascular
score was determined by counting the neovascular tufts in 8 sections for each condition.
Oxygen-treated mice had significantly higher neovascular scores than the room-air
control mice. The asterisk (*) is representative of a statistically significant result
(p<O.Ol).
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B. NOS Expression and Formation of NO and ONOO- in OIR
1) NOS mRNA Expression
So far there are little quantitative data about levels of NOS expression in oxygeninduced retinopathy. Relative quantitative reverse transcription-polymerase chain
reaction (RT-PCR) was used to detect and compare the expression of three isoforms of
NOS.

Linear ranges of PCR for the three NOS isoforms were first determined by

removing PCR samples at different cycle numbers and analyzing the results on 6%
acrylamide gel with SYBRE Green staining (Fig. 10). Cycle number 30, 32 and 32 were
within the linear ranges and were chosen for the eNOS, nNOS and iNOS, respectively. A
2:8 ratio of internal standard 18S primers to Competimers was determined to be
appropriate since the control (18S) was amplified from the RT-PCR at a level roughly
similar to the NOS genes under study. With the established cycling parameters, linear
range, and the optimal 18S primer:Competimer ratio, expression of each NOS isoform
was analyzed in the retinas from hyperoxia or normoxia exposed (24 hrs) mice. No
significant differences were observed for expression of eNOS or nNOS after normalizing
with internal standard 18S (Fig 11). However, hyperoxia decreased the level of iNOS
expression (p<0.05) in the total retina.

2) Nitrite Assay for NOS Activity
It is known that levels of enzyme expression are not always consistent with the
amount of enzyme activity. Therefore, the Griess assay was used to determine nitrite
formation as an indicator of NOS activity in the OIR model. Fig 12 shows that mice

Figure 10. Assessment of the linear range of RT-PCR products with mouse eNOS,
nNOS and iNOS primers. Linear ranges of RT-PCRfor eNOS (A), nNOS (B), and iNOS
(C) were determined by removing PCR samples at cycle 18, 20, 22, 24, 26, 28, 30, 32 and
34 and analyzing the results on 6% aery/amide gel with SYBRE Green staining. Gel
images were taken and fluorescence integrated density values were measured using
densitometry.
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Figure 11.

Expression of eNOS, nNOS and iNOS in vaso-obliteration of OIR.

Relative quantitative RT-PCR was used to analyze the expression of eNOS (A), nNOS (B),
and iNOS (C) in pooled P8 retinas from C57BL/6 mice after hyperoxia or normoxia
exposure (24 hours). Images at left show representative aery/amide gel images for each
NOS isoform. The graph at right shows the results of quantitative densitometric analysis
of three repeated experiments.

After normalizing with internal standard (1 8S), no

significant differences were observed in eNOS and nNOS expression, while the
expression levels of iNOS were significanrly lower in hyperiJxia-exposed retinas.
asterisk (*) is representative of a statistically significant result (p<0.05).

The

The bars

represent standard error. The ratio of 18S >:S competimer in each PCR was 2:8. PCR
cycle number for eNOS, nNOS and iNOS was 30, 32 and 32, respectively.
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Figure 12. Assessment ofNO formation in the vaso-obliteration phase.ofOIR. Pooled

retinas from mice exposed to hyperoxia or normoxia were analyzed using the Greiss
assay to determined nitrite formation, an indicator of NOS activity.

The data show

significant increases in nitrite production in the retinas from mice reared in hyperoxia
for 2 days (P9) or 5 days (P 12) as compared with the room air controls. The asterisks
(*) are representative of statistically significant results (p<O. 05). The bars represent

standard error.
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reared in hyperoxia had increased production of nitrite on P9 (49.8%) and Pl2 (100.3%),
which was two-day and five-day hyperoxia exposure, respectively. Increments on both
dates were statistically significant compared to their room air control (p<0.05).

3) Nitrotyrosine Assay for Peroxynitrite Formation
To further study the relationship between formation of the NO derived oxidant
peroxynitrite

and

the

pathogenesis

of

hyperoxia-induced

vaso-obliteration,

immunoblotting using anti-nitrotyrosine antibody was applied. Nitrotyrosine is a stable
end product of the reaction between peroxynitrite and free or protein-bound tyrosine
residues (Halliwell, 1997). Therefore, it is used as a specific marker for the production of
peroxynitrite. Mice reared in hyperoxia from P7 to P9 showed significant formation of
retinal nitrotyrosine (p< 0.05), compared with control mice raised in room air (Fig. 13).
Adult mice, which do not develop retinopathy, demonstrated low levels of retinal
nitrotyrosine in room air and hyperoxia (Fig. 14). Immunolocalization studies revealed
that nitro tyrosine labeling occurred primarily in the inner retina (Fig. 15).

Aim 2. A) Determine Whether Deletion of the eNOS or iNOS Gene Alters the Vasaobliteration Phase of 0/R. B) If So, Determine Whether the Gene Deletion also Reduces
ONOO- Formation in the Vasa-obliteration Phase of 0/R.
A. Effect of eNOS and iNOS Gene Deletion and Vaso-obliteration in OIR

Mice deficient in endothelial or inducible NOS (eNOS-/-, iNOS-1-) were used to
study the potential role in ROP of endogenous NO produced from these NOS isoforms.

Figure 13. Analysis of retinal nitrotyrosine levels during vaso-obliteration phase of
OIR.

Immunoblotting analysis with anti-nitrotyrosine antibody was used to analyze

levels of nitrotyrosine formed in the P9 retinas of mice exposed hyperoxia for two days
(P7-P9, 75% oxygen) and normoxia control. Panel A is one representative blot of 4
repeated experiments. Panel B shows the mean ± SER signal intensity from 4 different
experiments. There is a significant increase of nitrotyrosine formation in the hyperoxiatreated mouse retinas. The asterisk (*) is representative of statistically significant result
(p<0.05). The bars represent standard error.
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Figure 14. Analysis of retilral nitrotyrosine level in adult mice.

Nitrotyrosine levels

were determined in pooled retinas from adult mice either exposed to hyperoxia or
normoxia for 48 hrs.

Panel A is one representative blot of 4 repeated immunoblot

experiments.

Panel B shows the mean ± SER signal intensity from 4 different

experiments.

There is no significant difference between the two groups.

represent standard error.

The bars
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Figure 15. Immunolocalization of nitrotyrosine in the retina.

Immunohistochemistry

using anti-nitrotyrosine antibody was used to localize nitrotyrosine protein on the cryosections from normoxia control mice (A) or exposed to hyperoxia for two days (P7-P9)
(B). Slides were vjewed and images were taken using laser scanning confocal imaging.
Nitrotyrosine labeling occurred primarily in the inner retina (B).
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As shown above (Fig. 7B), hyperoxia treated wild-type mice (C57BL/6) developed
extensive capillary obliteration in the posterior retina. Targeted disruption of the eNOS
gene significantly inhibited this effect, whereas disruption of the iNOS gene had little or
no effect (Fig. 16). Capillary obliteration in the eNOS -/- mice was reduced by 51%
compared with wild-type control mice (Fig 17) (p<0.05). Analysis in iNOS -/- mice
showed no significant difference compared with wild-type controls (Fig. 17). Thus,
subsequent analyses were done with eNOS-/- mice.

B.

Effect of eNOS Gene Deletion on

Peroxvnitrite Formation During Hvoeroxia

Exposure
Effect of eNOS deletion on peroxynitrite formation was assayed by determining
effects on nitrotyrosine formation. Wild-type mice reared in hyperoxia from P7 to P9
showed significant formation of retinal nitrotyrosine (p<0.05), whereas the level in
eNOS-/- mice was not significantly greater than that in room air (Fig. 18). This result is
consistent with a putative role of peroxynitrite in vaso-obliteration.

Aim 3.

Test Whether or Not Pharmacological Inhibition of NOS Reduces Vascular

Obliteration in Wild-type Mice with OIR.
To further test the role of NOS activity in OIR, NOS activity was inhibited in
wild-type mice by intraperitoneal injection of L-NNA.

This experiment showed that

capillary obliteration in the L-NNA treated mice was reduced by 44.8% as compared with
the vehicle PBS treated mice (p<0.05; Fig. 19). This provides further support for the
putative role of NOS activity in the vaso-obliteration phase of OIR.

Figure 16.

Effect of eNOS or iNOS deletion

011

oxygen induced vasa-obliteration in

retina. Wildtype (C57BL/6) (A), eNOS knockout (B) and iNOS (C) knockout mice were
raised in 75% oxygen from P7 to P9. Retinal vessels were visualized by lectin staining.
Flat-mounted retinas were viewed with fluorescence microscopy.

The images were

captured with a SPOT digital camera and mapped in a photomontage to show the whole
retina. Red lines show the edge of central capillary obliteration.

Figure 17. Quantitative analysis ofvaso-obliteration in eNOS or iNOS gene deficient
mice. Quantitative analysis of the avascular area in retinas from wildtype, eNOS and

iNOS knockout mice showed that capillary obliteration was reduced by 51% in the
eNOS-!- mice while that in iNOS -1- mice was not significantly different from wildtype
control mice.
{p<0.05).

The asterisk (*) is representative of a statistically significant result
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Figure 18. Retinalnitrotyrosine le!•els in eNOS -1- mice and wildtype mice during the
vaso-obliteration phase of OIR.

Immunoblotting analysis with anti-nitrotyrosine

antibody was used to analyze levels of nitrotyrosine formed' in the P9 retinas of mice
exposed to hyperoxia (P7-P9, 75% oxygen) and normoxia control.

Panel A is one

representative blot of 4 repeated experiments. Panel B shows the mean ± SER signal
intensity from 4 different experiments. There is a significant increase of nitrotyrosine
formation in the hyperqxia-treated wildtype mice while no significant difference was
detected in the eNOS -1- mice.
significant result (p<O. 05).

The asterisk (*) is representative of a statistically
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Figure 19. Effect of the NOS inhibitor L-NNA

011

hyperoxia-induced vasa-obliteration

in C57BL/6 mice. C57BL/6 mice were given int;aperitoneal injection of NOS inhibitor,

L-NNA (300mg.ml) or vehicle, PBS (same volume as inhibitor), on P7 and P8,
immediately before and during exposure to 75% oxygen. Mean ± SER area of central
capillary obliteration was calculated from analysis of lectin labeled flat-mounted retinas.
Capillary obliteration in the L-NNA treated mice was reduced by 44.8% as compared
with the control. The asterisk (*) is representative of a statistically significant result
(p<0.05).
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Aim 4. A) Establish a Tissue Culture Model for Oxygen-induced Endothelial Cell Injury
and Determine the Effect of Hyperoxia on Apoptosis in Endothelial Cells.

B) Test

Whether the Effects Are Mediated by NO, Oi-. and lor ONoo·
Previous research has shown that central vasa-obliteration in OIR is mainly a
process in which central retinal vascular endothelial cells undergo apoptosis after
hyperoxia exposure (Alon et a!., 1995). Therefore, establishing an in vitro model with
cultured bovine retinal vascular endothelial cells and then studying the direct effect of
oxygen on these cells' survival will help to clarify the mechanism of hyperoxia-induced
vasa-obliteration and facilitate the development of efficient ways to treat or prevent this
disease.
A. Tissue Culture Model for Hyperoxia-induced Vaso-obliteration

Multiple processes can activate apoptosis. However, intensive investigation
indicates that activation of cysteine proteases especially caspase-3 is a common feature in
the execution of the cell death process (Thornberry and Lazebnik, 1998). Increased
caspase-3 activity is one of the early signs of apoptosis. Caspase-3 then cleaves a variety
of cellular molecules that contain the amino acid motif DEVD, including poly ADP
ribose polymerase (PARP) (Casciola-Rosen et a!., 1996). PARP is important for cell
viability. Caspase-3 cleaved P ARP facilitates cellular disassembly and serves as another
important marker of cells undergoing apoptosis. Therefore, caspase-3 activity assay and
immunoblotting analysis using anti-cleaved PARP were used in experiments designed to
examine the effect of hyperoxia on the survival of cultured BREC.

Two days of

hyperoxia (40% 0 2 ) exposure significantly increased the level of caspase-3 activity (Fig.
20A) and the amount of cleaved PARP (Fig. 20B) in BREC. Therefore, our data suggest

Figure 20. Assessment of hyperoxia induced bovine retinal endothelial cell apoptosis.

Apoptosis was analyzed using a fluorometric assay for caspase 3 activity (A) and by
western blotting analysis of cleaved PARP (B). Cell lysate was collected from BREC
treated with 21% (Normoxia) or 40 % oxygen (Hyperoxia)(48 hrs).

Two days of

hyperoxia treatment significantly increased the level of caspase-3 activity (A) and the
amount of cleaved PARP (B).

The asterisk (*) is representative of a statistically

significant result (p<0.05). The bars represent standard error.
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that hyperoxia can induce retinal vascular endothelial cell apoptosis through a caspase-3
activity dependent pathway.

B. Role ofNO. 0{ and ONoo· in Hvoeroxia-induced Apoptosis
In order to determine whether or not hyperoxia increases BREC apoptosis by a
mechanism involving the action of NO, 0 2·- and/or ONoo·, ·experiments with BREC
were done to test the effect ofhyperoxia on 1) NOS expression, 2)NO formation, 3) 02··
formation, and 4) ONoo· formation. Experiments were also performed to determine if
NOS inhibitor and/or 0 2·- and ONoo· scavengers prevent hyperoxia-induced apoptosis.
1) Effect ofHyperoxia on NOS mRNA Expression
It is well known that endothelial cells express eNOS. It has also been shown that

iNOS can be induced in pulmonary vascular endothelial cells (Palmer et a!., 1998).
However, there is no information about the presence of nNOS in endothelial cells. The
results of previous effects on NOS expression in endothelial cells are contraditory.
Therefore, relative quantitative RT-PCR was used to determine the effect ofhyperoxia on
gene expression of eNOS, iNOS and nNOS in BREC. Cycle numbers 26 and 32 were
detemined to be within the linear range for eNOS and iNOS. A 3:7 and 2:8 ratio of
internal standard 18S primers to Competimers was determined to be appropriate for the
similar amplification of 18S and enNOS and iNOS, respectively. The results showed that
hyperoxia-exposed BREC produce a 30% increase in eNOS mRNA as compared with the
normoxia controls (p<O.OS, Fig 21).

There was no difference detected in iNOS

expression (Fig. 22). nNOS was not detected in BRECs in our experiments (Data not
shown).

Figure 21. Effect of hyperoxia Oil eNOS expressioll BREC. Relative quantitative RTPCR analysis showed an increase in eNOS expression in hyperoxia treated BREC (40%

02, 16 hrs) as compared with normoxia control cells (21% 0 2, 16 hrs). Panel A shows a
representative acrylamide gel image. Panel B shows the mean ± SER densitometry
value of three repeated experiments.

The asterisk (*) is representative of a statistically

significant result (p<0.05). The ratio of 18S vs competimer in each PCR was 3:7. PCR
cycle number for eNOS was 26, which was within the linear range ofPCR products.
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Figure 22. Effect of lzyperoxia on iNOS expression in BREC. Relative quantitative

RT-PCR was used to analyze the expression of iNOS in BRECs incubated in normoxia
(21% 02) or lzyperoxia (40% 02) for 16 hrs. After normalizing with internal standard
(18S), no significant difference was detected.

Panel A shows one representative

aery/amide gel image. Panel B shows the mean of results of quantitative densitometric
analysis of three repeated experiments.

The ratio of 18S vs competimer in each PCR

was 2:8. PCR cycle number for iNOS was 32, which was within the linear range of PCR
products.
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2) Effect ofHyperoxia on NO Formation
To determine the effects ofhyperoxia treatment on NOS activity, the fluorometric
assay with 2,3-diaminoaphthalene (DAN) was used to measure the amount of nitrite in
media collected from BREC after hyperoxia or normoxia exposure. This assay is used as
an indicator of NOS activity, because NO released by tissue culture cells is converted
rapidly to nitrite, which is stable in the media. The results showed a 1.5 fold increase in
nitrite levels in the media from cultures exposed to 40% 0 2 for 48 hrs as compared with
control cultures maintained in 21% Oz (Fig 23). Taken together, with the small increase
in eNOS mRNA expression and the relatively large increase in nitrite accumulation in the
media of hyperoxia treated BREC suggest that hyperoxia increases NO formation by
activating eNOS in BREC.

3) Effect ofHyperoxia on

oz-· Formation

To examine the effect of hyperoxia on superoxide formation, BRECs were
exposed to either 40% Oz or 21% Oz for 16 hrs and then were then stained with the
oxidative fluorescent dye hydroethidium (HE). In the presence of 0 2··, HE is converted
to ethidium bromide which fluoresces red. Confocal microscopic examination showed a
marked increase in ethidium bromide fluorescence in cells exposed to hyperoxia,
reflecting an increase in Oz·- formation (Fig. 24). This fluorescence was inhibited when
the cells were pre-incubated in PEG-SOD (concentration at 100 unit/ml). Quantitative
analysis indicated 3.4 folds higher level (p<0.05) of superoxide produced in BREC
exposed to hyperoxia than that produced in the normoxia condition (Fig 25). This result

Figure 23. Measurement of nitrite formation in BREC. Conditioned media from BREC

incubated in 21% or 40% oxygen for 48 hrs were collected and analyzed for the amount
of nitrite formation using the fluorometric DAN reaction assay. Hyperoxia significantly
increased the amount of nitrite formation, indicating that there was more NO formed in
the hyperoxia treated cells. The asterisk (*) is representative of a statistically significant
result (p<O. 05).
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Figure 24.

Effect of flyperoxia 011 superoxide jormatio11 in BREC Formation of

superoxide in BREC maintained for I6 hrs in 2I% (A) or 40% (B) oxygen was detected
using the oxidative fluorescent dye hydroethethidine (HE).

Confocal microscopic

examination showed a marked increase in ethidium bromide fluorescence in cells
exposed to hyperoxia (B), reflecting an increase in superoxideformation. The square at
the left-lower corner is I 0 x I 0 pm.

Figure 25 Quantitative analysis of hyperoxia effects on superoxide formation in
BREC.

BREC cultures prepared as described in figure 22 were pretreated with or

without the superoxide scavenger, PEG-SOD (I 00 unit/ml) and stained with HE to detect
superoxide formation. Densitometric analysis indicates 3.4 fold increase in superoxide
formation in BREC exposed to hyperoxia compared with the normoxia condition. This
increase was inhibited by pretreatment with PEG-SOD. The asterisk(*) is representative
of a statistically significant result (p<O. 05).
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proves that more oxygen-derived oxidant, superoxide, is produced in BREC maintained
in 40% oxygen than in 21% oxygen.

4) Effects of Hyperoxia on ONoo· Formation
Because NO and 0 2 ·- are both increased by hyperoxia and because NO and Oz.react rapidly to form ONoo·, it was hypothesized that ONoo- should also be increased
in the hyperoxia treated BRECs. This hypothesis was tested by immunoblotting analysis
with anti-nitrotyrosine antibody. As mentioned previously, nitrotyrosine is a marker for
the production of ONoo·. Bovine retinal vascular endothelial cells maintained in 40%
oxygen for 48 hours showed a significant increase (-20 %) in the amount of proteins
nitrated on tyrosine as compared with the controls maintained in 21% oxygen (Fig 26).

5) Effects ofNOS Inhibitor and Scavengers of02·- and ONoo· on Hyperoxia-induced
Apoptosis
To directly test whether or not nitric oxide, superoxide and their reaction product,
peroxinitrite, play important roles in hyperoxia-induced BREC death, NOS inhibitor, LNAME (0.5 J.!M), superoxide scavenger, superoxide dismutase (100 units/ml), and
peroxynitrite scavenger, uric acid (1 mM), were used to test their effect on hyperoxiainduced apoptosis. Fig. 27 shows that BREC apoptosis was inhibited by all three agents.
Therefore, I conclude that increased formation of NO and Oi- and their product ONOOplays a key role in hyperoxia-induced apoptosis.

Figure 26. Effect of hyeroxia 011 peroxy11itrite formatioll i11 BREC. Immunoblotting

analysis with anti-nitrotyrosine antibody was used to analyze the level of peroxynitrite
formed in hyperoxia (40% 0 2) or normoxia (21% Ov exposed BREC (48 hrs). Panel A
shows four representative blots.

Panel B shows the mean densitometry value of 2

experiments performed in quadruplicate. Hyperoxia significantly increased the amount
of nitrotyrosine protein, indicating there was more peroxynitrite formation. The asterisk
(*) is representative of a statistically significant result (p<O. 05).

standard error.

The bars represent
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Figure 27. Effects of L-NAME, SOD and uric acid

011

hyperoxia induced BREC

apoptosis. The NOS inhibitor L-NAME (0.5 pM), the superoxide scavenger PEG-SOD
(100 unit/ml), or the peroxynitrite scavenger uric acid (1 mM) was applied to BREC 30
minutes before hyperoxia or normoxia expoure (48 hrs). Caspase 3 activity assay was
carried out to detect the relative amount of cells undergoing apoptosis.

All three

inhibitors were able to block the hyperoxia-induced increase in caspase 3 activity. The
asterisk(*) is representative of a statistically significant result {p<O. 05).
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Aim 5.

Determine Whether ONOO- Alters the Signal Transduction Pathway for

Endothelial Cell Survival by altering the Activity ofPI3KIAKT

Cell growth and cell death are finely regulated processes during normal
development and patliological conditions.

As stated in the Introduction, increasing

evidence indicates that activation of PI 3-kinase and its downstream target AKT kinase
are involved in anti-apoptotic signaling induced by growth factors (Kennedy eta!., 1997;
Kulik eta!., 1997; Parrizas et al., 1997). Thus, in order to test whether Ol'~oo· induced
apoptosis involves an effect altering the AKT signaling pathway, AKT activity was
analyzed in BREC treated with or without ONOO- and growth factors. AKT activity was
measured by detecting phospho-AKT with immnnoblotting analysis and by analyzing
phospho-GSK with AKT kinase assay.
One interesting finding is that perxynitrite itself increased the level of phosphoAKT after 5-15 minutes treatment (Fig 28). Phospho-AKT then gradually decreased to
basal levels after 4-6 hours. The same effect was observed in the AKT kinase assay. Fig
28 is one representative of several repeated experiments. As shown by innnunoblotting
analysis using anti-nitrotyrosine antibody (Fig 29C), peroxynitrite was able to increase
the level of nitrotyrosine.
Many growth factors are known to promote cell survival. Vascular endothelial
growth factor (VEGF) is reported to be one of the most important endothelial cell
survival factors (Alon eta!., 1995). As expected, VEGF increased the level ofphosphoAKT in the Westen-blotting analysis and AKT activity in the kinase assay. However,
pretreatment with peroxynitrite inhibited VEGF induced AKT phosphorylation and AKT
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kinase activity (Fig 29A&B). The same phenomena were observed in basic fibroblast
growth factor treated BRECs (Fig 30).
To test if VEGF, bFGF and ONoo· induce AKT activity through PB-kinase, a
specific PB-kinase inhibitor, Wortmanin,

W<\S

used in BRECs treated with or without

VEGF, bFGF and peroxynitrite. The results showed that wortmanin was able to inhibit
VEGF, bFGF and ONoo· induced increases in AKT activity (Fig 31). The results also
showed an additive effect of peroxynitrite and wortmanin on VEGF and bFGF induced
AKT activation. All these data suggest that peroxynitrite decreases VEGF and bFGFinduced AKT activation by inhibiting the PI3K/AKT pathway.

Figure 28. Effect of peroxynitrite on AKT activation. AKT activation was detected

using immunoblotting analysis with anti-phospho-AKT antibody-and AKT kinase assay.
Ninety percent confluent BREC were serum starved overnight and then treated with
peroxnitrite (JmM) for designated periods.

Panel A shows the time course of AKT

phosphorylation, while panel B shows the time course of AKT kinase activity after
peroxynitrite treatment. Both studies show that there was an increase in activity e at 5
and 15 minutes and that the signal gradually returned to basal level, indicating
peroxynitrite alone is able to activate AKT. Each blot is one representative of three
repeated experiments.
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Figure 29, Effect ofperoxynitrite 011 VEGF-induced AKT activation.

. Ninety percent

confluent BREC were serum starved and pretreated with peroxynitrite·(lmM) or with the
vehicle 0.3 NaOH overnight. Cells were then treated with or without VEGF (10 ng/ml)
for 15 minutes, the known peak time point for VEGF-induced AKT activation. AKT
activation was detected using immunoblotting analysis with anti-phospho-AKT antibody
(A) and AKT kinase assay (B). The data indicate that peroxynitrite was able to inhibit
VEGF-induced AKT activation.

Panel C is the western blot using anti-nitrotyrosine

antibody, indicating that peroxynitrite is able to nitrate many tyrosine residue containing
proteins. Each blot is one representative of three repeated experiments. Equal amounts
ofprotein were used for each sample. Equal loading was confirmed by western blotting
with anti-AKT antibody (lower panel in A).
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Figure 30. Effect ofperoxynitrite 011 bFGF-induced AKT activation.

Ninety percent

confluent BREC were serum starved and pretreated with peroxynitrite (JmM) or with the
vehicle 0.3 NaOH overnight.

Cells were then treated with bFGF (10 ng/ml) for 15

minutes, the peak time for bFGF-induced AKT activation. Control cells were treated
with an equal volume ofPBS. AKT activation was detected using AKT kinase assay. The
result indicates that peroxynitrite was able to inhibit bFGF-induced AKT activation.
Each blot is one representative of three repeated experiments. Equal amounts ofprotein
were used for each sample. Equal loading was confirmed by western blotting with antiAKT antibody (lower panel).
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Figure 31. Effect of PI3K inhibitor on VEGF, bFGF and peroxynitrtie induced AKT
activation.

Ninety percent confluent BREC were serum starved and pretreated with

peroxynitrite (lmM), Pl3K inhibitor, wortmanin (300 {lglml) or both overnight. Cells
were then treated with VEGF or bFGF (I 0 ng/ml) for 15 minutes. Control cells were
treated with equal amount of vehicle. AKT activation was detected using AKT kinase
assay (upper panel). The result indicates that wortmanin was able to partially inhibit
peroxynitrite, VEGF and bFGF-induced AKT activation.

The result also suggests

wortmanin and peroxynitrite had additive effect on inhibiting VEGF and bFGF induced
AKT activation. Each blot is one representative of three repeated experiments. Equal
amount ofprotein were used for each sample. Equal loading was confirmed by western
blotting with anti-AKT antibody (lower panel).
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DISCUSSION

The purpose of this study was to explore the possible molecular mediators of the
vasa-obliteration in retinopathy of prematurity (ROP). ROP is a disorder of retinal
vascular development that occurs almost exclusively in premature infants. Experimental
work and clinical observations in human infants indicate that exposure of the developing
retina to relative hyperoxia damages retinal capillaries.

Maturation of the retinal

vasculature occurs around the 36 week of gestation in humans, which is consistent with
the finding that infants born after that time point are less prone to develop ROP. A role of
oxygen-derived free radicals .in medi~ting hyperoxia-induced vasa-obliteration is
supported by studies showing that administration of exogenous antioxidants, such as
liposomal · superoxide dismutase (Niesman et a!., 1997), vitamin E (Phelps and
Rosenbaum, 1979;Penn et a!., 1997), can attenuate retinopathy in certain animal models
and possibly in humans as well (Kretzer et a!., 1984). There is increasing evidence that
the nitric oxide derived oxidant ONOO- may be an important in situ mediator of oxidative
vascular injury (Ma et.al., 2001; Nagashima eta!., 2000; Noiri eta!., 2001; Zweier eta!.,
2001). Thus, it was hypothesized that the NO derived oxidant ONOO-plays an important
role in the obliteration of developing retinal capillaries in ROP.

It was further

hypothesized that ONOO- exerts its effect on retinal endothelial cells by modifying
critical signaling molecules in the cell survival pathway.

To test these hypotheses,
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experiments were performed to address five specific aims. These five aims are listed
below, followed by a discussion of the results of the experiments used to carry out each
atm.
1. Establish the OIR mouse model for ROP. Analyze NOS expression and assay the
formation of NO and ONOO- in the vasa-obliteration phase of OIR.
2. Test whether deletion of the eNOS or iNOS gene alters the vasa-obliteration phase of
OIR. If so, determine whether the gene deletion also reduces ONoo· formation in the
vasa-obliteration phase of OIR.
3.

Determine whether or not pharmacological inhibition of NOS reduces vascular

obliteration in wild-type mice with OIR.
4.

Establish a tissue culture model for oxygen-induced endothelial cell injury.

Determine the effect of hyperoxia on endothelial cell survival and test whether the effects
are mediated by NO, 0 2·-, and /or ONoo·.

5.

Test whether ONoo· alters the signal transduction pathway for endothelial cell

survival by altering the activity ofPBK/AKT.

Mouse Model ofROP
To determine the pathogenesis ofROP, an appropriate animal model ofROP was
indispensable. Several ROP models have been established using mouse (Smith et a!.,
1994), rat (Penn et a!., 1994), dog (McLeod et a!., 1996), and cat (Chan-Ling et a!.,
1992).

The mouse model was chosen for this research because it has several

characteristics that make it unique useful as an experimental model of OIR. First, the
developmental stage of retinal vessels in the newborn mouse retina approximates that of
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premature infants of 4 to 5 months' gestation (Gyllensten and Hellstrom 1955). Second,
normal development of the murine retinal vasculature occurs within the first two weeks
after birth, allowing easy observation of the whole process of retinal vascular
development. Third, the pathology observed in the mouse model resembles that which
occurs in human ROP, such as hyperoxia induced vasa-obliteration and later
neovascularization. Fourth, since every mouse litter has between 7 and 11 pups, it is
better suited for quantitative evaluation than dog, although the pathology observed in dog
model is even more similar to human ROP. In addition, the housing and care of the
mouse model is much more convenient and economical as compared with dog and cat
models. The rat is also commonly used in animal experiments and there are also many
common features between mouse and rat. However, the rat model requires alternating
hypoxia (10% 02) and hyperoxia (50% Oz) exposure every 12 hours. Another very
important advantage of the mouse is that eNOS and iNOS gene deficient mice are
available for research. Both stains have been backcrossed to have over 95% of the same
genetic background as control C57BU6 mice. Based on these considerations, the mouse
OIR model was chosen for this study. Following Smith's published protocol (Smith et
a!., 1994), I have successfully reproduced mouse OIR in our institution.

NOS Expression and NO Formation

Studies on nitric oxide's effect in retina have been mainly focused on its role in
visual transduction and in the regulation of retinal blood flow (Goldstein et a!., 1996;
Hardy et al., 2000). All three NOS isoforms have been shown to be present in the retina.
eNOS is mainly located in the retinal vascular endothelial cells (Meyer eta!., 1999).
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nNOS, the most studied NOS isoform in the retina from different species, is
present in the retinal ganglion cell layer, including ganglion cells and displaced amacrine
cells, in the inner nuclear layer including amacrine cells, horizontal cells, bipolar cells,
MUller cells, and in nerve fibers in the outer and inner plexiform layers (Dawson et a!.,
1991; Yamamoto eta!., 1993; Lopez-Costa eta!., 1997; Neufeld eta!., 2000; Perez eta!.,
1995). Early reports did not describe the presence of NOS expression in photoreceptor
cells (Vaney and Young, 1988; Dawson eta!., 1991; Yamamoto eta!., 1993).

This is

probably due to the fact that the methods used, such as NADPH diaphorase
histochemistry and immunohistochemistry, were not sensitive enough to detect the NOS
in the photoreceptors.

However, there now appears to be good agreement in the

literature now that nNOS is present in the rod and cone photoreceptor terminals in most
species (Kurenni et a!., 1995; Perez et a!., 1995; Djamgoz et a!., 1996; Neufeld eta!.,
2000). Widespread distribution of nNOS in the retina, especially in the photoreceptor
terminals, has led to the hypothesis that NOS has a neuromodulatory role in visual
trasduction (Koch eta!., 1994) by increasing transmitter release (Savchenko eta!., 1997).
nNOS has also been implicated in the pathogenesis of light-induced photoreceptor
apoptosis (Donovan et a!., 2001 ).
By using RT-PCR and immunohistochemistry techniques, iNOS was shown to be
constitutively present in the retinal tissue (Park et a!., 1996), including ganglion cells,
MUller cells and photoreceptor cells (Lopez-Costa et a!., 1997). Increased expression of
iNOS in these cells was observed in ischemic conditions (Kobayashi et a!., 2000;
Sennlaub et a!., 2001 ). Astrocytes from around the optic nerve head in glaucoma patients
have been shown to express high levels of iNOS both in vitro and in vivo (Liu and
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Neufeld, 2000). Macrophages in experimental autoimmune uveitis express high levels of
iNOS (Zhang et a!., 1999). NOS activity was also detected in cytomegalovirus-infected
glial cells in patients with AIDS (Dighiero et a!., 1994). Although there is no report
about the expression of iNOS in retinal pigment epithelial cells (RPE) in the normal
retina, cultured retinal pigment epithelial cells have been shown to produce NO after
treatment with interferon in the presence of lipopolysaccharide (LPS) and tumor necrosis
factor (TNF) (Goureau et a!., 1994). Overall, iNOS found in glial cells and RPE cells
may be involved in the infectious and ischemia-reperfusion processes.
Using immunostaining, NOS was also detected in the nerve fibers of peripheral
ocular tissue and in choroidal nerve fibers by using immunostaining (Yamamoto et a!.,
1993; Flugel et a!., 1994). This is consistent with a role for NOS in ocular blood flow
regulation.
So far there is no report focused on NOS expression or the formation of NO and
the NO derived oxidant, ONoo· in the vasa-obliteration phase of OIR. Our results on
nitrite and nitrotyrosine measurement, the indications of NO and ONoo· formation,
showed that there were significant increases in both NO and ONoo· formation in retinas
from hyperoxia-reared pups.

To further differentiate which isoform of NOS is

responsible for the increased nitrite formation, relative quantitative RT-PCR was used to
compare amounts of the three NOS isforms at the messenger level expression: The result
shows no significant difference in eNOS and nNOS expression, but there was a
significant decrease in iNOS mRNA levels during hyperoxia exposure. This latter result
suggests that iNOS does not play an important role in the hyperoxia induced NO
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formation. This finding is consistent with previous studies, which showed that only
hypoxia upregulates iNOS gene expression (Palmer et al., 1998; Jung et al., 2000).
The inconsistency between NOS expression and activity. NOS, like most other
enzymes, can be regulated at transcriptional, post-transcriptional, translational and posttranslational levels. Therefore, it is still possible for eNOS or nNOS to produce increased
levels of NO during hyperoxia exposure through the regulation of eNOS or nNOS
expression after gene transcription. Another possible reason for the increase in NOS
activity in the absence of significant increases in mRNA level for eNOS and nNOS is that
both isoforms are constitutively regulated. That is, enzyme activity is regulated by Ca2+calmodulin activation in the absence of any changes in gene expression.

Another

possible explanation for the lack of a detectable increase in NOS gene expression is that
the change in mRNA level may occur regionally. The RNA used in the experiment was
the total RNA extracted from the pooled whole retinas and the vasa-obliteration affects
only the central retina. Therefore, it is possible that the method used was not sensitive
enough to detect changes in mRNA levels that occurred within one area of the retina.

eNOS and iNOS Gene Deletion

To further explore if increases in NO or NO related oxidants are related to the
pathogenesis of OIR, mice lacking functional eNOS and iNOS genes were studied. The
results showed that eNOS-/- mice were partially protected from hyperoxia-induced vasaobliteration and subsequent proliferative retinopathy. However, the iNOS-/- mice did not
show any significant difference in vasa-obliteration as compared with the wild-type
control mice. Further study using the constitutive NOS inhibitor, L-NNA, in the wild-
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type mice showed a similar level of vasa-protection compared with the eNOS knockout,
strongly supporting a putative role for NO from constitutive NOS in the vasa-obliterative
process. I was unable to further clarify the role of NO from nNOS in the current study
because of the lack of availability of appropriate nNOS -/- and control mice. However, it
is unlikely that nNOS plays an important role in the vasa-obliteration for the following
reasons: (1) NO is a short lived and diffusible molecule (half life at physiological
conditions: 0.1-0.5 seconds) (Davies et al., 1995). nNOS, which is mainly located in the
neurons, is unlikely to produce large sufficient of NO to reach and cause damage to the
retinal vascular endothelial cells. (2) The fact that the NOS inhibitor L-NNA, which
inhibits both nNOS and eNOS, produced a quantitatively similar level of vasa-protection
(44.8%) in wild-type controls compared with the eNOS -/-mice (51%) suggests that
eNOS may be the primary NOS isoforrn involved in the vasa-obliteration process.

(3)

The result showing that ONOO- formation did not increase significantly in the retinas of
eNOS-/- mice suggests that nNOS does not produce quantitatively significant levels of
ONOO- in the vasa-obliteration phase of OIR.

Peroxynitrite and Vasa-obliteration
The observation that nitrotyrosine levels (a marker of ONOO--mediated protein
modification) are reduced in eNOS-/- mice compared with wild-type mice suggests that a
reduction occurs in NO"mediated oxidative stress. A contri\mtory role for ONOO- in the
pathogenesis of vasa-obliteration during OIR is further supported by the findings that (1)
increased formation of immunoreactive nitrotyrosine is observed early in the course of
the vasa-obliteration, (2) immunolocalization of nitrotyrosine is most intense in the inner
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retina, in proximity to the retina vessels, and (3) wild-type adult mice exposed to
hyperoxia do not develop retinopathy and do not show increased nitrotyrosine
immunoreactivity.

Studies using liposomal superoxide dismutase, Oz··

scavenger

(Niesman et a!., 1997), and Trolox C, a vitamin E analog know to scavenge ONoo(Penn et a!., 1997), further strengthen the hypothesis that ONOO-, and not NO alone, has
a major role in the microvascular damage.

Tissue Culture Model of Oxygen-Induced Endothelial Injury

Results from the in vivo studies using the mouse model of OlR strongly suggest
that the NO derived oxidant ONOO- is an important mediator ofhyperoxia-induced vasaobliteration. In order to further study how ONOO- exerts its effect to lead to such a
consequence, it was necessary to establish a tissue culture model in which the different
steps in the signal transduction pathway could be examined.
It is known that microvascular cells are likely to encounter hyperoxia in vivo and

that retinal vascular endothelial cells undergo apoptosis during the hyperoxia-induced
vasa-obliteration phase in OlR (Alan et a!., 1995). The current study is the first to focus
on the hyperoxia induced retinal endothelial cell apoptosis and the mechanism of retinal
endothelial cell apoptosis. D' Amore et a!. (D'Amore and Sweet, 1987) reported that
hyperoxia was able to inhibit the proliferation of retinal vascular endothelial cells, but not
pericytes. Furthermore, there was no recovery for the endothelial cells after return to the
room air environment. The studies of D' Amore and her coworker did include control
tests for cytotoxicity, but such tests do not detect cell death by apoptosis. It is possible
that the inhibition of endothelial cell growth they observed actually represented cells

82

undergoing apoptosis, since that study only examined cell growth and did not look for
signs of apoptosis.
In the present study, I demonstrated that hyperoxia causes an increase in eNOS

expression and NO, 0 2·- and ONOO- formation in cultured bovine retinal vascular
endothelial cells. 'No difference in iNOS expression was observed in the hyperoxiatreated cells, and nNOS was not detected in either hyperoxia or normoxia-treated cells.
Failure to detect nNOS in our system is most likely due to the lack of nNOS expression
in endothelial cells. Lack of nNOS expression in is supported by the fact that nNOS has
never been reported in endothelial cells. Ii has been reported that NO and hyperoxia have
a synergistic cytotoxicity effect on cultured lung cells, possibly through the formation of
ONOO- (Narula et a!., 1998). Our data suggest that hyperoxia alone is able to cause
endothelial cell apoptosis. The pharmacological inhibitor experiments using the Oz.scavenger SOD and the NOS inhibitor L-NAME, which reduce formation ONoo-, and
the ONOO- scavenger uric acid which directly reduces ONoo- levels, all showed
reduced BREC apoptosis.

These results all indicate that the hyperoxia-induced

endothelial apoptosis is caused by the formation of ONoo- through the simultaneous
production of NO and Oi-.
Cells die through apoptosis in response to oxidative cellular damage (Forrest et
a!., 1994; Slater et a!., 1995). Activation of caspases, a family of cysteine proteases, has
been demonstrated to be a central event in apoptosis (Cohen, 1997).

Caspase-3 is

considered to be one of the major downstream caspases of the apoptotic machinery and
has been shown to play a critical role in apoptosis induced by a range of stimuli in many
cell types.

Our results showed that hyperoxia caused an increase in the activity of
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caspase-3 and in the level of cleaved PARP, which is a substrate for caspase-3.
Therefore, the hyperoxia induced endothelial cell apoptosis observed in the present study
occurred through the formation of the reactive oxidant ONOo- and was mediated by the
activity of caspase-3.

Peroxynitrite and Its Effect on the Activity of Pl3KIAKT in the Endothelial Cell Survival
Signal Pathway

Peroxynitrite is known to be a much more potent and reactive oxidant than its
precursors, NO and 0 2 .-.

The ONOO--induced oxidation reaction can cause DNA

damage, lipid peroxidation and protein modification including nitration and nitrosation
reactions. All of these oxidative reactions can cause apoptosis. Peroxynitrite has been
shown to induce apoptosis in a variety of cell systems such as thymocytes (Moulian et a!.,
2001), colonic epithelial cells (Yue et a!., 2001) and vascular endothelial cells·

(Kotarnraju et a!., 2001). However, the mechanisms of peroxynitrite-induced apoptosis
remain unclear.

Cell death through apoptosis is a fundamental and highly regulated

process during normal development and pathological conditions. Many growth factors
have been shown to prevent apoptosis and promote cell survival through activation of the
PB-kinase/AKT pathway. Therefore, the present study determined the effect ofONOOon growth factor induced activation of AKT. Direct ONOO- activation of AKT was also
studied in relation to the effects on AKT activation of the growth and survival factors,
vascular endothelial growth factor (VEGF) and basic fibroblastic growth factor (bFGF).
VEGF is known to be a specific angiogenic growth factor and vascular endothelial cell
survivor factor (Alon et a!., 1995) that has been strongly implicated in retinal vascular
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development and ROP (Stone et a!., 1995; Pierce et a!., 1996).

bFGF is also a strong

angiogenic factor in retina (Bikfalvi et a!., 1997) and is a potent cell survival factor for
several cell types including endothelial cells (Bairey et a!., 2001; Bowers et a!., 2001;
Eves eta!., 2001; Itaya et a!., 2001). Thus, it is likely that ONOo· exert its pathological
effects during the vasa-obliteration phase of OIR by altering the VEGF and/or bFGFmediated survival function. Therefore, these two growth factors were chosen to examine
the effect ONoo· on growth factor induced PI3-kinase/AKT activation in our study. The
data confirmed that both VEGF and bFGF could activate AKT phosphorylation and AKT
activity, and that this effect was PI3-kinase related, since adding Wortmanin, a PI3kinase inhibitor, was able to block both effects. Pre-treating BREC with ONOO- blocked
the effects of both VEGF and bFGF in inducing AKT phosphorylation and reduced its
activity as shown by the AKT kinase assay. This result suggests that hyperoxia causes
BREC apoptosis by ONoo· -induced modification of the endothelial cell survival signal
pathway particularly at or above the level of PI3-kinase/AKT activation, which leads to
the suppression of anti-apoptotic systems. Further study is needed to determine exactly
how ONoo· modifies particular signaling molecules. It is known that ONoo· can nitrate
tyrosine containing proteins, such as protein kinase C (Knapp et al., 2001 ), manganese
superoxide dismutase (MacMillan-Crow and Thompson, 1999), and c-SRC tyrosine
kinase (MacMillan-Crow et al., 2000).

This nitration impairs phosphorylation of

tyrosines crucial for phosphotyrosine signaling (Brito et al., 1999). Therefore, tyrosine
nitration might be one of the mechanisms by which ONOo· exerts its effect on the cell
survival signal pathway.

However, results from studies using epidermoid carcinoma
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cells indicated that while ONoo· could nitrate tyrosine residue of epidermal growth
factor receptor, it did not inhibit receptor autophosphorylation (van der Vliet eta!., 1998).
Paradoxically, the present study showed that exposure of BREC to ONOO'led to
the phosphorylation of AKT and elevated AKT activity. Thus, ONOO- is also able to
induce rather than repress tyrosine phosphorylation in certain circumstances. Previous
studies have also shown that oxidative insults such as HzOz and ONOO- can activate
AKT through phosphorylating certain growth factor receptor tyrosine kinases in smooth
muscle cells (Griendling et a!., 2000; Salsman et al., 2001), skin primary fibroblasts
(Klotz et a!., 2000) and Hela cells (Wang et a!., 2000). Therefore, the ONOO- effect
observed in this study is not limited to VEGF and bFGF.
Further research is needed to determine how AKT activation by ONOO- affects
endothelial cell survival. Reactive oxidative stress is !mown to induce anti-apoptosis
machinery though activation of AKT and can protect against subsequent oxidant stress in
some systems (Griendling eta!., 2000; Wang eta!., 2000). However, AKT is not the only
signaling molecule activated in response to oxidant injury. It has been reported that H2 0 2
is able to induce apoptosis of RPE cells (Jin et a!., 2001) and fibroblasts (Chen et a!.,
2000) through upregulation ofP53/P21 and downregulation ofbcl-2. Antunes eta!. also
reported that lysosomal rupture was an early event and a consequence of intra-lysosomal
iron-catalysed oxidative processes when apoptosis was induced by oxidative stress
(Antunes et a!., 2001). Thus, the ultimate cellular outcome in a given cell type after
oxidative stress is a reflection ofthe relative balance between these various activities.
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Parallel Results Between In Vivo and In Vitro Studies

The purpose of this research project was to explore the molecular mediato'rs of the
vasa-obliteration phase of OIR.. Particularly, the goal was to determine if the NO derived
oxidant ONOO- has an important role in the vascular pathology. The in vivo studies
showed that hyperoxia causes increased formation of NO and ONOO- that correlate
precisely with the vasa-obliteration phase of OIR..

Deletion of eNOS or inhibition of

consititutive NOS blocked the effects of hyperoxia in increasing ONoo· formation and
diminished hyperoxia-induced vasa-obliteration. Deletion of iNOS did not alter the vasaobliteration, indicating that inducible NOS is not involved. The results of the in vitro
experiments showed that hyperoxia treatment of retinal endothelial cells causes an
increase in apoptosis. This effect correlates with increases in eNOS expression and in
formation of NO, Oz·· and ONoo· and is blocked by inhibition of consititutive NOS or
by scavengers of 0 2·• or ONOO. These parallel results in the animal model and in tissue
culture strongly support a direct role for ONOO in the vasa-obliteration phase of OIR..
Moreover, the observation that ONoo· prevents VEGF- or bFGF-mediated activation of
PBkinase/AKT-1, suggests that ONoo· may increase apoptosis during OJ;R by altering
the cell survival signaling pathway.
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SUMMARY

Previous studies suggested that hyperoxia-induced oxidative damage plays a role
in the vasa-obliteration phase of retinopathy of prematurity.

However, the specific

oxidants involved and the mechanisms by which they exert their effects are still unclear.
The purpose of this study was to explore the molecular mediators, particularly the NO
derived oxidant peroxynitrite, in the mechanism of vasa-obliteration during ROP. The
oxygen-induced retinopathy mouse model for ROP was set up to show that hyperoxia
(75% 0 2) exposure (P7-P12) causes central capillary obliteration and that a subsequent
exposure to relative retinal hyopoxia (room air from P12-P17) leads to neovascularization
in the mid-peripheral retina at the junction of central nonperfused area and peripheral
..
well perfused areas. Increased NO formation, indicating elevated NOS activity, was
detected in the hyperoxia-exposed developing retinas, while there was a reduction in
levels of iNOS mRNA and no change in either eNOS or nNOS mRNA. Inununoassay for
nitrotyrosine protein levels demonstrated elevated peroxynitrite formation in the
hyperoxia-exposed developing retinas. Inununolocalization assay showed· that proteins
nitrated on tyrosine were primarily· located in the inner retina in areas corresponding to
the location of the retinal vessels.

These data represent the first report of NOS

expression, NO and peroxynitrite formation in the vasa-obliteration phase of OIR,
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suggesting that the NO derived oxidant peroxynitrite plays an important role in
hyperoxia-induced vasa-obliteration.
Assessment of the vasa-obliteration process in eNOS and iNOS gene deficient
mice showed that eNOS-/-, but not iNOS-/- mice had 51% less capillary dropout than the
C57BL/6 mice.

eNOS-/- mice exposed to hyperoxia had no significant increases in

peroxynitrite formation. These data suggest that NO produced from eNOS contributes to
the oxidative damage of the developing vessels.

Intraperitoneal injection of the

pharmacological inhibitor of constitutive NOS, L-NNA, led to a 44.8% decrease in
capillary obliteration, confirming that NO produced by constitutive NOS contributes to
oxidative damage of the deveioping vessels. Therefore, the animal studies suggest NO
derived from eNOS. plays an important role in vasa-obliteration during OlR, possibly
.

'

through the formation of the more potent oxidant peroxynitrite.
To further explore the role of peroxynitrite in hyperoxia-induced vasaobliteration, an in vitro model with cultured bovine retinal vascular endothelial cells was
established. BREC exposed to 40% 02 (hyperoxia) showed significant increases in the
activity of caspase 3 and in the amount of cleaved PARP compared with control cells
exposed to 21% 02 (normoxia), indicating that hyperoxia induces apoptosis in endothelial
cells. Quantitative measurements of oxidant formation showed that hyperoxia exposure
led to increased formation of nitric oxide, superoxide and peroxynitrite in cultured
BREC. eNOS, but not iNOS or nNOS, expression was upregulated by hyperoxia. The
NOS inhibitor L-NAME and superoxide and peroxynitrite scavengers, superoxide
dismutase and uric acid respectively, were able to block hyperoxia-induced endothelial
apoptosis. These data are consistent with results from the in vivo studies showing that
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NO from eNOS is associated with hyperoxia induced endothelial damage and that the
NO-derived oxidant peroxynitrite plays a key role in this process.
Apoptosis is a finely tuned process and many signal pathways are involved.
Growth factors, VEGF and bFGF, are known to promote endothelial cell survival through
activation of PI3K/AKT signal pathway.

Pretreatment of BREC with peroxynitrite

inhibited VEGF and bFGF induced activation of AKT and reduced AKT activity. By
itself, peroxynitrite was also able to activate AKT in a time dependent marmer. The PI3K
inhibitor wortmanin was able to block VEGF and bFGF induced AKT activation.
Therefore, these data suggest that peroxynitrite decreases VEGF and bFGF-induced AKT
activation by inhibiting the PI3K/AKT cell survival pathway and that peroxynitrite, a
potent oxidant, is able to trigger stress-induced AKT activation.
Taken together, these studies suggest that the NO derived oxidant peroxynitrite
plays a key role in the mechanism of hyperoxia-induced vasa-obliteration, possibly by
blocking growth factor induced activation of the PI3K/AKT survival signal pathway. It
is recognized that peroxynitrite may also exert its detrimental effect on endothelial cells
by altering other pathways. Further studies will be necessary to fully clarify this issue.
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