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PREFACE

Angiogenesis is of fundamental importance in development, health, and disease. The
study of angiogenesis in the eye, in particular, has increased exponentially in the last
decade because retinal and choroidal neovascularization play an important role in the
major blinding diseases of the industrialized world and represent an unprecedented eco-
nomic burden on healthcare. It has now become an increasing challenge to manage the
overwhelming bulk of information generated in the area of ocular angiogenesis. To meet
the challenge, Ocular Angiogenesis: Diseases, Mechanisms, and Therapeutics assimi-
lates the recent developments and summarizes the progress made in this field to date so
that this information can be disseminated efficiently to the growing group of interested
investigators, clinicians, and biotechnologists. Our intent is to foster new ideas, encour-
age discussion of the challenging concepts presented in the volume, increase our under-
standing of mechanisms that control this dynamic process, and translate the available
information into targeted therapy.

Historically, the first use of the word “angiogenesis” can be traced back to 1787 when
Hunter, a British surgeon, used it to describe the growth of blood vessels in the reindeer
antler (1). A relationship between tumors and the blood supply was discussed as early as
1907 by Goldman, but the nature and significance of this relationship was not understood
(2). Then, in 1935, Hertig (3) reported that angiogenesis occurred in the placenta of the
Macaque monkey. Among the first references to angiogenesis in the eye were those of
Mann, who, in 1928, developed the concept that retinal vessels originate by budding from
the base of the fetal blood vessel of the eye and the 1941 report by Greene that the growth
of tumors in the anterior chamber of the rabbit eye coincided with the growth of new blood
vessels (neovascularization) (4,5). In 1948, Michaelson published a landmark paper
describing the vasculature of the retina. He had developed a technique that allowed him
to inject India ink into the arterial system to fill and blacken the retinal vasculature. Using
this method, he was able to visualize blood vessels of the human fetal retina in flat mounts
at various stages of development (6). From this study, he concluded that retinal capillaries
sprout from new vessels that grew out from the region of the optic nerve and that they were
more abundant near veins than arteries. He also reported that arteries have a zone around
them, which is free of a capillary network. Based on these anatomical observations,
Michaelson then made the astute comment that “... there is present in the developing
retina a factor which affects the budding of new vessels.” He then suggested that this
factor, which he named Factor X, was regulated by oxygen and was responsible for
abnormal retinal vessel growth. Decades later, Factor X was identified as vascular endo-
thelial growth factor (VEGF), possibly the most mitogenic endothelial growth factor
isolated to date. Campbell expanded Michaelson’s studies and showed that the capillary-
free zone around retinal arteries narrowed in animals in response to low-oxygen environ-
ments (7)7 . We now know that Michaelson and Campbell were observing the effects of
hypoxia, which leads to increased expression of VEGF and subsequent neovascularization
in the eye. In honor of Michaelson’s shrewd observations and for historical reasons, we
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thought it appropriate to use an illustration inspired by his early illustrations of the ink-
laden retinal vasculature on the cover of this volume.

The field of modern angiogenesis, however, was founded in 1971 when Dr. Judah
Folkman suggested that the progression of tumor cells is dependent on the growth of new
blood vessels (8). In a striking test of this hypothesis, he showed that tumor fragments that
were transplanted into the anterior chamber of rabbit eyes grew rapidly and increased in
size when they attached to the blood vessel-rich iris, as compared with those that floated
in the aqueous humor or attached to avascular regions.

In support of this theory, in 1975 Folkman isolated a factor from cartilage that could
block vessel growth, a finding that initiated an explosion of molecular studies of angio-
genesis (9). In 1984, the first soluble, endogenous angiogenesis-promoting molecule,
fibroblast growth factor, was isolated by Shing, Klagsbrun, and colleagues (10). Shortly
thereafter, in 1989, both Ferrara and Plouet identified VEGF as one of the most potent
stimulators of blood vessel growth, although Dvorak had already isolated it in 1983 as
vascular permeability factor (VPF) (11–13). These findings provided clear evidence that
the growth of blood vessels is under the tight control of both positive and negative soluble
endogenous regulators. Since then, the study of angiogenesis has burgeoned, and we have
progressed to a stage where we know that angiogenesis is a complex process that involves
a cascade of events regulated by at least 20 pro-angiogenic factors, more than 30
antiangiogenic factors, and several distinct cell types, as well as numerous receptors and
signaling partners. During normal development, blood vessels grow in concert with the
associated organs. In the adult, most vessels are quiescent. The growth of new blood
vessels is important to a few adult processes, including those of the female reproductive
system and those at wound sites, where vessels can be induced to grow rapidly and
reconstitute capillary beds, indicating that they are highly dynamic structures capable of
rapid and extensive remodeling.

The complexity of regulation of angiogenesis is an indication of how critical this
process is to normal life and how catastrophic its disruption can be. In addition to the
critical role of angiogenesis to tumor growth, neovascularization has been implicated as
a major component of many diseases including psoriasis and arthritis. Lack of vessel
growth is a serious problem in cardiovascular disease, in which heart muscle is starved
for nutrition and oxygen. In general, however, it is the overgrowth of blood vessels that
causes problems.

In the eye, pathological angiogenesis is a major contributing factor to many of the most
prevalent and serious diseases. Wounds and infections of the cornea, as well as transplant
rejection, involve a neovascular response. In the two most common blinding diseases of
the retina, macular degeneration and diabetic retinopathy, degeneration and loss of vision
are closely associated with neovascularization.

The cost of medical treatment, loss of income, and need for assistance in daily living
combine to make the societal cost of pathological angiogenesis in the eye immense.
Because these diseases can lead to severe loss of vision, their impact on the quality of life
is also huge, thus increasing the urgency with which the causes and treatments of ocular
angiogenic diseases are sought. As the chapters in this volume indicate, we have made
tremendous strides over the last decade in understanding the pathogenesis and molecular
mechanisms underlying many of the neovascular diseases of the eye.

The inhibition of blood vessel growth is now one of the fastest growing areas of
research in ophthalmology. Ocular Angiogenesis: Diseases, Mechanisms, and Thera-



peutics offers a comprehensive review of what is currently known about angiogenesis
and its role in blinding diseases as well as mechanisms leading to progressive vessel
dysfunction. It identifies and assesses the most promising approaches with potential for
commercial exploitation and discusses challenges encountered in developing therapeu-
tics for ocular neovascular diseases. The volume features a wide spectrum of studies that
will allow basic scientists to glean a better idea of the clinical features of pathological
angiogenesis in the eye, and will provide ample opportunity for clinicians to draw from
the current knowledge of molecular and environmental switches that govern vessel
growth. What is equally exciting, and should be evident from the text, is the tremendous
progress made in the development of new therapeutics and key areas of opportunities to
combat neovascular eye diseases. The first Food and Drug Administration (FDA)-
approved therapy for neovascular age-related macular degeneration was Visudyne®
(Novartis), a photoactivated dye used in photodynamic therapy. By 1999, at least five
antiangiogenenic drugs were in clinical trials, and the number has greatly increased since
then. One of these drugs, Macugen® (Pfizer), was approved for the treatment of macular
degeneration in 2004. Thus, over the past decade of research, we have expanded human
trials for ocular angiogenesis to include dozens of synthetic compounds, antibodies,
cryptic peptides, and endogeneous glycoproteins. These are starting to yield a few com-
mercial products with proven efficacy in reducing the growth of blood vessels in the eye.
Others remain promising approaches still in clinical development. We have come a long
way in understanding neovascular growth in the eye and have identified several key
promoters and inhibitors of the process. The challenges that lay ahead will be in devel-
opment of early diagnoses of the diseases and of revolutionary, less-invasive methods of
delivering antiangiogenic drugs into the eye.

Joyce Tombran-Tink
Colin J. Barnstable
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Age-Related Macular Degeneration

Curtis L. Hagedorn, MD and Ron A. Adelman, MD, MPH
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of blindness in people 60
years of age or older in the Western Hemisphere (1). There are approx 15 million people
affected by AMD in the United States, as AMD affects approx 18% of Americans between
the ages of 65 and 74 yr and 30% of those aged 75 yr and older (2). The diagnosis of AMD
is based on visual dysfunction and characteristic macular findings (3). AMD has been clas-
sified into neovascular (wet or exudative) and nonneovascular (dry) types. Neovascular
AMD is less common but far more devastating than the dry type. The Beaver Dam Study
demonstrated a prevalence of neovascular AMD that is approximately one-tenth the preva-
lence of the dry type (2). The most severe form of dry AMD is geographic atrophy, which
accounts for 12 to 21% of legal blindness caused by AMD, while the neovascular form
accounts for the balance (4–6)6 . Neovascular AMD affects approx 1 million Americans,
and each year about 200,000 new cases are diagnosed. Without treatment, most of these
patients with neovascular AMD will progress to visual acuity of 20/200 or worse within 2
yr (7,8). Even though there is clearly an association with advancing age, identifying other
factors that put a patient at risk for development and progression of AMD has proven to be
a difficult challenge. Several studies have demonstrated an increased risk with cigarette
smoking (9–14), and the Rotterdam Study showed a dose–response relationship between
smoking and AMD (9). There are conflicting reports on the association between AMD and
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diabetes, cardiovascular disease, hypercholesterolemia, hypertension, alcohol use, obesity,
aspirin use, and estrogen use (15,16)6 . Diet may play a role. The type and amount of dietary
fat intake may modify risk of progression of AMD, and intake of fish, fruit, nuts, and green
leafy vegetables may be protective (17–19). Antioxidant intake has been proven to be ben-
eficial in certain patients with AMD (20). Recently, there has been much interest and inves-
tigation into the role of genetic influences on AMD. Studies have demonstrated an
increased risk of AMD if a first-degree family member is affected. Approximately 20% of
AMD patients have a positive family history, and monozygotic twins demonstrate higher
levels of concordance (21–28).

PATHOLOGY

Dry AMD is characterized by irregularities in the retinal pigment epithelium (RPE)
and Bruch’s membrane. Hard drusen have been demonstrated to represent either lipid
accumulation in RPE cells or deposits of hyaline material in Bruch’s membrane (29,30).
Soft drusen are composed of three histopathological types: RPE detachments with dif-
fuse basal linear deposits, RPE detachments with diffuse basal laminar deposits, and
focal accumulation of basal linear deposits (29,30). Basal linear deposits are located
within the inner collagenous zone of Bruch’s membrane and consist of lipid-rich mate-
rial and collagen, whereas basal laminar deposits are located between the plasma mem-
brane and basement membrane of the RPE and are primarily made of collagen (31).
Focal pigment changes in AMD may be referred to as nongeographic atrophy. The fun-
dus appearance is one of pigment mottling and areas of hypopigmentation and hyper-
pigmentation. Histopathology has shown these areas to be atrophic RPE overlying
diffuse basal linear and basal laminar deposits (30). Geographic atrophy is the advanced
form of dry AMD. Histopathology demonstrates thinning of the neurosensory retina
over atrophic choriocapillaris and RPE (32). Changes in Bruch’s membrane caused by
accumulation of extracellular debris and deposition of drusen can predispose the mem-
brane to breaks and impair transport and diffusion functions. Decreased permeability to
water-soluble proteins from the plasma, as well as impaired transport of RPE waste
products from the retina, can lead to a state of oxidative stress (33). This oxidative
stress possibly leads to formation of factors stimulating growth of choroidal neovascu-
larization (CNV). Several studies of CNV have demonstrated RPE production of such
angiogenic factors, including vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) (34–36). Breaks in weakened Bruch’s membrane are
likely mediated by chemical factors, and enzymatic digestion and chronic inflamma-
tion may play a role in Bruch’s membrane breakdown (37–39). CNV can lead to sub-
retinal and sub-RPE bleeding with fluid accumulation and eventual formation of
fibrovascular and fibroglial tissue and disciform scarring.

CLINICAL EXAM

Dry AMD

Dry AMD is diagnosed when the characteristic fundus findings of drusen, RPE irregu-
larities, and geographic atrophy are found in the appropriate clinical setting (see Fig. 1).
By definition, dry AMD does not include CNV. Many classifications of drusen size
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have been utilized, but it is generally accepted that drusen are considered small if less
than 63 μm, intermediate if 63 to 124 μm, and large if 125 μm or greater (3). Certain
retinal changes are more predictive of future vision loss. Increasing size, increasing
number, and confluence of drusen confer a greater risk of neovascular AMD (40). Soft
drusen have been shown to confer an increased risk of development of geographic atro-
phy (41) and CNV (41,42). The Macular Photocoagulation Study (MPS) examined the
fellow eye of patients with unilateral CNV and AMD in a masked randomized prospec-
tive clinical trial. The MPS reported 46% of eyes with large drusen developed CNV
compared to 10% of eyes without such drusen after 5 yr of follow-up (43). Geographic
atrophy is the most severe form of dry AMD. Geographic atrophy is responsible for
approx 12 to 21% of the cases of legal blindness from AMD (4–6). Clinically, geo-
graphic atrophy appears as areas of atrophic retina, often with visualization of underly-
ing large caliber choroidal blood vessels (see Fig. 2).

Neovascular AMD

The majority of patients who suffer severe vision loss from AMD manifest the neo-
vascular form of the disease. CNV can lead to subretinal fluid, subretinal hemorrhage,
RPE detachments, and eventual disciform scarring. Patients with CNV from AMD usu-
ally complain of relatively acute vision loss or metamorphopsia. Clinically, patients
may have a gray-green subretinal lesion with associated subretinal fluid, subretinal
hemorrhage, sub-RPE hemorrhage, intraretinal bleeding, subretinal fibrosis, or retinal
edema (see Figs. 3–5). 

RELATED DISEASES

Retinal Angiomatous Proliferation

Retinal angiomatous proliferation (RAP) has been described as a subcategory of
AMD and is characterized by angiomatous proliferation that originates in the retina and
then progresses deep, sometimes communicating with choroidal vasculature. Clinically,
RAP can present as intraretinal or subretinal hemorrhage and fluid. Appearance on flu-
orescein angiography (FA), indocyanine green angiography (ICG), and optical coher-
ence tomography (OCT) is usually diagnostic (44) and includes focal retinal
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Fig. 1. Funduscopic appearance of drusen. (A) Few medium-sized drusen. (B) Large drusen.
(C) Many medium and large drusen with confluence. (Courtesy of the Age-Related Eye Disease
Study Research Group [AREDS].) See color version on companion CD.



hyperfluorescence with an indistinct border on FA, focal intense hyperfluorescence on
ICG, and irregular reflectance on OCT at the site of intraretinal neovascularization.
RAP may progress and eventually connect with the choroidal vasculature, forming a
retinal–choroidal vascular anastomosis and frank CNV. It is important to distinguish
RAP from AMD with primary CNV, as the treatment options may be different. Yannuzzi
et al. (44) have suggested that a classification system be used for RAP, as different
stages may be amenable to different treatments. Thermal laser may be beneficial for focal
intraretinal neovascularization, whereas vascularized retinal pigment epithelial
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Fig. 2. Geographic atrophy in a patient with dry AMD. (Courtesy of the Age-Related Eye
Disease Study Research Group [AREDS].) See color version on companion CD.

Fig. 3. Neovascular age-related macular degeneration with subretinal hemorrhage from a
choroidal neovascularization. See color version on companion CD.



detachments with retinal–choroidal vascular anastomosis may be most amenable to injec-
tion of an angiostatic agent. Currently, photodynamic therapy (PDT) with verteporfin,
with or without intravitreal triamcinolone acetate, is a commonly used treatment.
Surgical treatment may also be considered, and a procedure using specific surgical lysis
of the feeding arteriole and draining venule of a RAP lesion has been described (45).

Polypoidal Choroidal Vasculopathy 

Polypoidal choroidal vasculopathy (PCV) is thought to arise from aneurismal dila-
tions in the inner choroid that may be venular (46,47)7 . These lesions may expand, leak,
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Fig. 4. Disciform scar with adjacent subretinal hemorrhage. See color version on companion CD.

Fig. 5. Large submacular hemorrhage from choroidal neovascularization. See color version
on companion CD.



and bleed. PCV usually presents as dilated choroidal vessels in orange-colored
polypoidal lesions in the macula and peripapillary area (see Fig. 6). Associated subretinal
bleeding and fluid can be seen. ICG is diagnostic and demonstrates saccular dilations
of the choroidal vasculature that may be more numerous and far-reaching than that seen
clinically (48,49) (see Fig. 7). Treatment is not well established, and differentiation
from CNV is critical (48). 
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Fig. 6. Funduscopic appearance of polypoidal choroidal vasculopathy. See color version on
companion CD.

Fig. 7. Indocyanine green (ICG) angiogram of a patient with PCV. Note the sacular pattern of
ICG fluorescence. 



DIAGNOSTIC TESTING

Angiography

FA is useful for evaluation of advanced forms of AMD. Drusen generally hyperfluo-
resce early and either fade or stain in the later stages of angiography, and RPE degen-
eration demonstrates diffuse hyperfluorescence with areas of blockage corresponding
to pigment clumping (50). Areas of RPE loss demonstrate transmission of choroidal
fluorescence (window defects), whereas geographic atrophy may sometimes demonstrate
staining characteristics owing to the increased visibility of the scleral tissue staining
(50). Unlike neovascular AMD, dry AMD does not demonstrate signs of leakage on
FA. FA is critical in evaluation of CNV. It is important to distinguish between classic
and occult components of a CNV. A classic CNV demonstrates an area of early (usually
within 1 min) hyperfluorescence that leaks and becomes brightly hyperfluorescent in
the late phase (usually 5 to 10 min) (see Fig. 8). An occult CNV has two possible
fluorescence patterns. It may consist of a fibrovascular pigment epithelial detachment
that demonstrates a stippled pattern on FA (see Fig. 9), or it may consist of late leakage
of an unknown source. Areas obscured angiographically due to such elements as subretinal
blood or a retinal pigment epithelium detachment are considered part of the nonclassic
CNV complex. ICG can be helpful in evaluating these obscured components, as its
high protein binding provides better visualization of choroidal vasculature. 

Optical Coherence Tomography

Optical coherence tomography was introduced in the 1990s; currently, the third-
generation machine is commercially available. Ultrafast high-resolution OCT has been
developed and will be available in the future (51). OCT works on the principle of interfer-
ometry, measuring differences in light reflections from ocular tissues, and provides a cross-
sectional image of retinal layers (52,53). OCT provides excellent analysis of the vitreoretinal
interface and has become a standard diagnostic test for conditions such as macular hole and
vitreomacular traction syndrome. OCT can also provide valuable information in AMD (54).
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Fig. 8. Fluorescein angiography of predominantly classic choroidal neovascularization in
age-related macular degeneration. (A) Early phase demonstrates hyperfluorescence. (B) Lesion
demonstrates leakage in the late phase.



Drusen can be visualized as elevations of the highly reflective RPE layer, and CNV appears
as thickening of the RPE and retin (see Fig. 10). Although FA is currently the standard for
diagnosis of CNV in AMD, recent reports indicate a possible role for OCT in follow-up for
determination of subsequent treatment in these lesions, as changes in retinal edema and
RPE elevations are readily quantifiable with OCT (55,56)6 (see Fig. 11). OCT may also be
valuable in differentiating conditions such as retinal RAP from CNV (44(( ).

MANAGEMENT

Dry AMD

Until recently, there was no proven treatment for dry AMD. Patients were simply given
Amsler grids to monitor vision changes, and were instructed to return immediately if any
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Fig. 9. Fluorescein angiography of an occult choroidal neovascularization in age-related
macular degeneration. (A) Early phase demonstrates a stippled pattern of hyperfluorescence.
(B) Lesion leaks in the late phase.

Fig. 10. Optical coherence tomography of a choroidal neovascularization in age-related
macular degeneration. Retinal pigment epithelium layer is thickened and overlying retina is
edematous. See color version on companion CD.



abrupt change should occur, as this could represent a conversion to the neovascular form
of the disease, which may require treatment. Today, in addition to home monitoring,
patients may use antioxidants and zinc to slow progression of AMD. The Age-Related
Eye Disease Study Research Group (AREDS) conducted a large randomized masked
multicenter clinical trial that demonstrated a combination of vitamin C, vitamin E, beta
carotene, zinc, and copper was beneficial in slowing the course of AMD in patients with
moderate to severe AMD (20). This study demonstrated a 25% reduction in risk of mod-
erate vision loss over 5 yr in patients with AMD consisting of extensive intermediate-
sized drusen, one large druse, noncentral geographic atrophy, or advanced AMD by taking
500 mg of vitamin C, 400 international units (IU) of vitamin E, 15 mg of beta carotene,
80 mg of zinc oxide, and 2 mg of cupric oxide. Cigarette smoking is considered a con-
traindication to taking these medicines, as studies have demonstrated an increased risk of
lung cancer and mortality in patients on high doses of beta carotene (57,58). Recent
reports suggest that human retinal carotenoids lutein and zeaxanthin (found in green leafy
vegetables) may reduce risk of geographic atrophy and neovascular AMD in patients at
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Fig. 11. Retinal pigment epithelium (RPE) detachment in age-related macular degeneration.
(A) Fundus photograph demonstrates sub-RPE fluid in the macula. (B) Optical coherence
tomography confirms diagnosis of RPE detachment. See color version on companion CD.



risk (19). Consumption of fish, which is high in omega-3 long-chain polyunsaturated
fatty acids (LCPUFAs), may also decrease risk of neovascular AMD (19). Currently, a
trial is planned to further evaluate the effect of these micronutrients on the progression of
AMD in patients at risk. Some studies have demonstrated regression of drusen with low-
intensity macular laser (59–61), and the Complications of AMD Prevention Trial (CAPT)
is investigating whether this laser treatment can reduce the incidence of severe vision loss
in eyes with high-risk drusen. Anecortave acetate, a synthetic steroid without glucocorti-
coid activity, is currently being evaluated for prevention of vision loss in the Anecortave
Acetate Risk Reduction Trial (AART). This study is evaluating the effect of posterior jux-
tascleral delivery of this medicine in patients with high-risk dry AMD.

Neovascular AMD

Treatment of CNV remains an extremely active area of research. In 1986, the Macular
Photocoagulation Study (MPS) (7,8) began investigating the effect of laser photocoagu-
lation on macular CNV. These studies demonstrated laser photocoagulation treatment to
be beneficial for CNV, but outcomes after treatment of subfoveal lesions were subopti-
mal. For initial subfoveal CNV treatment, few eyes had visual acuity better than 20/200
at 4 yr. Laser photocoagulation works by a thermal mechanism. Laser light is absorbed
by the RPE and choroids, and this is converted into heat. Studies have shown that CNV
may not be completely ablated by the laser, but may actually become enveloped by RPE
fibrous tissue and proliferation of RPE cells, which may aid in absorption of subretinal
fluid and limit spread of CNV (62–65). Transpupillary thermotherapy (TTT) using a
diode laser has also been utilized for treatment of CNV in AMD. The longer wavelength
of laser light has the theoretical advantage of deeper chorioretinal treatment with relative
sparing of the inner retinal layers and may pass through subretinal hemorrhage. Pilot
studies have shown encouraging results (66,67)7 , and currently a well-designed study is
under way evaluating TTT for CNV smaller than 3.0 mm (TTT4CNV). Recent reports
from this study demonstrate that it is relatively safe in eyes without concomitant glau-
coma, but the efficacy of TTT is questionable (68). In April 2000, the US Food and Drug
Administration approved the use of verteporfin (Visudyne®) for use in PDT for CNV in
AMD. This approval was based on the Treatment of Age-Related Macular Degeneration
with Photodynamic Therapy (TAP) study (69). This study demonstrated a statistically
significant visual benefit for patients with subfoveal predominantly classic CNV at the
1- and 2-yr marks. The Verteporfin in Photodynamic Therapy (VIP) study demonstrated
a benefit in patients with select subfoveal occult CNV at the 2-yr mark (70). Recently,
multiple linear regression models of the aforementioned studies have demonstrated
lesion size may actually be more important than type when evaluating the benefit of
PDT. Treatment of occult and minimally classic CNV may have similar success to that
of predominantly classic CNV if the lesion was equal to or less than 4 disk areas and
demonstrated evidence of recent progression (71). Recent progression was defined as
subretinal hemorrhage associated with CNV, or loss of visual acuity of at least 5 letters
within 3 mo, or growth of the CNV of at least 10% in the greatest linear dimension
within 3 mo.

Verteporfin is a benzoporphyrin derivative monoacid ring A. It is a photosensitizer
synthesized from protoporphyrin and is activated by a low-intensity laser light of 689 nm
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(72,73). In the excited state, verteporfin generates singlet oxygen, which is thought to
be responsible for cell death with PDT (74). Verteporfin concentrates in neovascular
endothelium as it is preferentially taken up by cells with high levels of low-density
lipoprotein receptors (75,76). PDT with verteporfin may destroy neovascular tissue
while sparing normal tissue (77–84). Although PDT with verteporfin has been shown
to be better than placebo for select cases, the need for multiple treatments, the high
cost, and the rarity of visual improvement with this therapy (85) has led medical
researchers to continue the search for a better treatment for CNV in AMD.

Intravitreal and periocular injections of medicine have also been used to treat CNV.
Intravitreal triamcinolone acetonide has been widely used in the management of CNV.
A randomized, double-masked, placebo-controlled study by Gillies et al. (86)6 using a
single dose of 4 mg of intravitreal triamcinolone acetonide demonstrated no effect on
the loss of visual acuity during the first year; however, the size of the CNV in treated
eyes was significantly smaller at 3 mo. A study by Jonas et al. (87)7 evaluating the effect
of 25 mg of intravitreal triamcinolone acetonide found significant improvement in
visual acuity. Highest visual acuity was demonstrated in the 1- to 3-mo postoperative
period followed by loss of effect at 4 to 5 mo. Six of 71 eyes were injected a second
time, and half of these experienced another improvement in visual acuity. Both these
studies also demonstrated an increased risk of developing mild to moderate elevation of
intraocular pressure with intravitreal injection of triamcinolone acetonide. Combining
this injection with PDT/verteporfin may be synergistic. A recent study by Spaide et al.
(88) evaluated the effect of PDT with verteporfin immediately followed by intravitreal
injection of triamcinolone acetonide in patients with AMD and CNV without restric-
tion to type (predominantly classic, minimally classic, and occult included). This pilot
study demonstrated the potential benefit of this treatment as first-line therapy.
Periocular delivery of steroid medications has also been advocated. Although this is not
as direct a delivery method, the risks of introducing a needle into the vitreous cavity are
avoided—namely, endophthalmitis, vitreous hemorrhage, retinal detachment, and unin-
tended penetration of intraocular structures. As mentioned previously, anecortave
acetate is a synthetic angiostatic steroid without glucocorticoid activity. This medicine
has been evaluated in a multicenter randomized trial using juxtascleral delivery for
treatment of subfoveal choroidal neovascularization in AMD. The study tested 3-, 15-,
and 30-mg doses administered every 6 mo. At 1 yr, the 15-mg dose was found to stabi-
lize vision and decrease rates of severe vision loss compared to placebo (89). The ben-
eficial effect of synthetic steroids may involve improvement in the blood-retinal barrier
and downregulation of VEGF (90). Recently there has been much interest in antiangio-
genesis molecules for CNV. Studies of surgically excised and experimentally induced
CNV have demonstrated high levels of VEGF, transforming growth factor β (TGF-β),
and bFGF (91–101). These molecules are thought to play a role in the development of
CNV. Ranibizumab (Lucentis™) is a recombinant humanized antibody fragment that
binds to and inactivates all VEGF isoforms. Intravitreal injection of this molecule is
currently being investigated as a treatment for CNV in AMD. Preliminary results indi-
cate that ranibizumab is well tolerated after 1 yr of injections, and phase III results are
encouraging (102). Pegaptnib sodium (Macugen®) is a chemically synthesized anti-
VEGF aptamer with high affinity and specificity for VEGF isomer 165. Reports from
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phase III trials suggest that intravitreal injection of pegaptnib every 6 wk improves
visual outcomes compared to placebo and is relatively safe in patients with CNV from
AMD (103). Submacular surgery is another option for treatment of CNV in AMD.
The Submacular Surgery Trial (SST) is a multicenter randomized trial evaluating
this surgical option for CNV from AMD, ocular histoplasmosis, and idiopathic
causes. Recently published study results demonstrate no benefit in regard to
improvement or stabilization of visual acuity in studied patients with AMD, but
there may be a role for this procedure in select cases of predominantly hemorrhagic
CNV in AMD (104,105).

Another surgical option is macular translocation. The concept is to actually move the
macula from diseased RPE and reposition it eccentrically onto a healthier area of RPE.
Options include limited macular translocation (LMT) and macular translocation with
360-degree retinotomy (MT360). The LMT technique involves preplacement of scleral
sutures for imbrication, vitrectomy, injection of subretinal fluid to detach temporal
retina, creation of choroid/scleral folding by tying the preplaced sutures, and gas bub-
ble placement with positioning to optimize translocation (106)6 . Select cases may bene-
fit from this procedure (107–109). The MT360 technique involves performing a
vitrectomy, creation of total retinal detachment, 360-degree retinotomy, removal of
submacular CNV and blood, and rotation of the retina with reattachment (110). Recent
studies have shown some success with MT360 (111–113), but no controlled random-
ized studies have been performed. Macular translocation procedures have many
reported complications including retinal detachment, proliferative vitreoretinopathy,
macular hole, epiretinal membrane, strabismus, subretinal perfluorocarbon, choroidal
hemorrhage, and hypotony. MT360 inevitably causes cyclovertical strabismus, necessi-
tating additional surgery on the extraocular muscles, whereas LMT may be less likely
to yield this problem (114). Various procedures have been attempted to address the
problem of massive subretinal hemorrhage in CNV in AMD. Pneumatic displacement
with or without tissue plasminogen activator (tPA), and submacular surgery with or
without tPA have all been attempted with varying results (115).

Low-vision aids and consultation are critical elements in the total vision care of a
patient with visual disability from AMD. AMD patients report higher rates of depres-
sion and poorer quality of life than an age-matched population (116–118). Low-vision
therapy consists of a wide array of services including low-vision evaluation, training to
maximize residual vision, optical aids, and education. Optical aids such as magnifiers,
telescopes, closed-circuit television, and high-contrast household identifiers are a few
of the items in the low-vision armamentarium. Low-vision therapy has demonstrated
improvement in functional status and quality of life in patients with low vision from
AMD (119). 

FUTURE TREATMENTS

As scientists continue the search for new and better treatments for CNV in AMD, sev-
eral new developments hold promise, and may one day become viable treatment options
for patients with this blinding disease. Pigment epithelium-derived factor (PEDF) is an
endogenous molecule involved in angiogenesis (120,121). Although it is generally
accepted that PEDF is an anti-VEGF molecule, there remains some controversy as to the
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precise role this molecule plays in CNV in AMD (122–125). Preliminary phase I data
using PEDF gene vector therapy were recently presented (126)6 , and this modality may be
safe in humans.

Directly replacing diseased tissue is also an extremely active area of current research.
Some researchers have been successful in transplanting autologous RPE in humans, but
visual results have been in large part unimpressive (127,128). Stem cell transplantation
is in early stages, but may hold great potential (129,130). Retinal prosthetic devices
with incident light-induced electronic stimulation have become a reality in recent years
(131). Visual function has been demonstrated in humans using subretinal implants
(132) and epiretinal implants (133,134). Although most of the studied patients have
been blind from retinitis pigmentosa, the prosthesis has also been used and visual func-
tion demonstrated in patients with advanced AMD (134). 

SUMMARY

AMD is a significant public health problem and the leading cause of legal blindness
in the industrialized world. Dry AMD is the most common form, but neovascular AMD
is the most debilitating type, as subretinal bleeding and scarring can lead to catastrophic
rapid visual loss. AMD may progress to advanced forms such as geographic atrophy or
neovascular AMD, and studies have demonstrated specific risk factors such as smok-
ing, diet, heredity, and type and size of drusen to be predictive of such progression.
Diagnosis is based on clinical exam and angiographic testing. FA and ICG provide
important information as to the type and extent of retinal lesions, and OCT may be a
valuable tool for follow-up. It is important to differentiate AMD with CNV from simi-
lar diseases such as RAP or PCV, as treatment, prognosis, and follow-up differ. Intense
research regarding treatment and prevention of AMD has provided antioxidants, zinc,
laser, PDT, intravitreal and periocular injections of angiostatic agents, and surgery as
possible options for treatment of AMD. There are promising preliminary data regarding
gene therapy, retinal prosthetic devices, and retinal tissue transplants. The search con-
tinues for better treatments for this debilitating disease.
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Introduction

Diabetes mellitus is a metabolic disorder of multiple etiologies characterized by chronic
hyperglycemia with disturbances of carbohydrate, fat, and protein metabolism resulting
from defects in insulin secretion (type 1), insulin action (type 2), or both. Diabetes is a dev-
astating disease as it causes long-term damage, dysfunction, and failure of various organs,
such as the eye, kidney, brain, and peripheral nerves. Among these systemic complications,
diabetic retinopathy (DR) is one of the most troublesome problems as it is a major cause of
blindness. Almost 100% of type 1 diabetic patients and more than 60% of type 2 diabetic
patients develop DR during the first two decades of diabetes (1). Great efforts have been
made in the past decades to prevent or delay the onset of DR, as well as to prevent vision
loss in diabetic patients. Intensive glycemic and blood pressure control, as established by
the Diabetes Control and Complications Trial (DCCT) and the Early Treatment Diabetic
Retinopathy Study (ETDRS), can decrease the incidence and delay the progression of DR
(2–7)7 . Timely laser photocoagulation therapy can prevent the vision loss in a large propor-
tion of patients with severe DR (8–12). However, laser therapy is associated with common
adverse effects and high costs. Currently, there is no effective drug treatment for DR and
thus, DR remains a leading cause of blindness in the industrialized countries. 

There are two common pathological features in DR responsible for vision loss in
diabetic patients: diabetic macular edema (DME) and retinal neovascularization (NV).
The exact mechanisms underlying the pathogenesis of these changes in DR are largely
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unclear. Accumulating evidence has shown that increases of angiogenic stimulators
(e.g., vascular endothelial growth factor [VEGF]) and decreases of angiogenic
inhibitors (e.g., pigment epithelium-derived factor [PEDF]) under diabetic milieu lead
to a disturbed balance of angiogenesis regulation and subsequently result in DME and
retinal NV (13–19). In recent years, a number of endogenous angiogenic inhibitors
have been identified (19–27).7 Some of these inhibitors have been implicated in the
pathogenesis of DR (14,17,18,28,29). This chapter will review the recent progress in
the research of DR, with a focus on the association of endogenous angiogenic inhibitors
with DR and their therapeutic potential in the treatment of DME and retinal NV. 

Epidemiology 

Diabetes is a common disease in the developed countries and is becoming a major
problem throughout the world. The latest WHO Global Burden of Disease estimates
the worldwide burden of diabetes in adults was around 173 million in the year 2002
(30). The incidence of diabetes has risen dramatically in the past decades, and a twofold
or more increase is expected to occur in the next decades (30). The rising prevalence of
diabetes causes a consequent increase of long-term diabetic complications, such as
retinopathy, nephropathy, and neuropathy, which set considerable impacts on both the
patients and society. 

According to the American Diabetes Association (ADA) report, DR is the most fre-
quent cause of blindness in American working-age populations (20–70 yr), with 12,000
to 24,000 diabetics losing their sight each year as a result of DR (31). According to the
Eye Diseases Prevalence Research Group, the estimated crude prevalence rates for
retinopathy and vision-threatening retinopathy are 40.3% and 8.2%, respectively, in US
adult diabetic patients (32,33). The estimated US general population prevalence rates
for retinopathy and vision-threatening retinopathy are 3.4% (4.1 million) and 0.75%
(899,000) (32,33). Apart from the high prevalence of these complications, their severity
presents further problems: 50% of all patients with untreated proliferative retinopathy
will lose their sight within 5 yr (34). Moreover, 3.6% of patients with type 1 diabetes,
and 1.6% of those with type 2 diabetes, are estimated to be blind (35). With the increas-
ing diabetes rate, DR-related blindness will become more common in the future, unless
some breakthrough occurs in basic and clinical diabetic research.

Genetic Factors in DR

Although the development of retinopathy in diabetic patients is largely related to the
duration of diabetes, the severity of hyperglycemia, and the existence of hypertension and
hyperlipidemia, a high incidence of DR occurs in some patient groups with good systemic
conditions, whereas some other individuals remain free of retinopathy inspite of poor
glycemic control and long duration of diabetes. Epidemiological study has demonstrated
ethnic differences in the prevalence of diabetes and DR. In the United States, African
Americans and Hispanics have a higher prevalence of diabetes at approx 25%, compared
with 6.2% in the general population (36–39). On average, Hispanic/Latino Americans are
1.9 times more likely to have diabetes than non-Hispanic whites of similar age (36,37)7 . As
to the incidence of DR, some small sample size studies have shown that African American
individuals are significantly more likely to develop retinopathy than Caucasian American
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individuals (50% in African Americans vs 19% in Caucasian Americans with type 2 dia-
betes), and the African American individuals may have higher rates of proliferative dia-
betic retinopathy (40). In the study of DCCT, familial clustering of severe,
vision-threatening forms of DR was observed (41). These data suggest genetic influences
are operating in the development and progression of DR as well as in diabetes. 

Experimental diabetes studies have also provided evidence supporting the genetic vari-
ations in susceptibility to DR. Our group demonstrated that pigmented Brown Norway
(BN) rats are more susceptible to hypoxia-induced retinal NV than the albino Sprague-
Dawley (SD) rats (42). In the hypoxic retina of BN rats, the level of VEGF, a major angio-
genic factor, is significantly increased, whereas the level of PEDF, a potent endogenous
angiogenic inhibitor, is substantially decreased, when compared with that in age-matched
normal controls. These changes resulted in a significant increase of the VEGF to PEDF
ratio. However, these changes are substantially smaller in SD rats after the same treatment.
In the streptozotocin (STZ)-induced type 1 diabetes model, diabetic BN rats develop more
severe and longer duration of vascular hyperpermeability in the retina, compared with dia-
betic SD rats with similar hyperglycemic levels (unpublished data). These studies indicate
that genetic factors contribute to the different susceptibilities to DR. 

A variety of candidate genes have been investigated in diabetic patients as well as in
animal models, but few of them have displayed strong associations with DR (43–47)7 .
Human lymphocyte antigen (HLA) is one of the earliest genetic factors studied for its
association with DR (45–48). However, no consistent result has been obtained so far
from large-sized samples of different populations. Recently, HLA-DR7 was reported to
be associated with the protection of proliferative retinopathy in type 2 diabetic patients
in Mexicans (49). However, another study conducted in Turkey demonstrated that the
HLA-DR7 frequency is significantly higher in diabetic patients with proliferative
retinopathy than in nonproliferative cases (50). These controversial data suggest that
the influence of genetic factors on the development of DR may be complicated, depend-
ing on how much influence derives from other risk factors, such as environmental fac-
tors and the systemic conditions of the patients examined. 

The DR-associated genes identified so far are mainly involved in distinct metabolic
and functional pathways known to be affected in diabetes, such as aldose reductase
pathway, glucose transporters, cell communication and the extracellular matrix,
endothelins, and nitric oxide synthases (51). Different polymorphisms in the same
genes can confer either protection against DR or predisposition to the development of
DR (52). Recently, two distinct polymorphisms in the genes coding for intracellular
adhesion molecule-1 (ICAM-1) and transforming growth factor (TGF)-β have been
found as risk factors for retinopathy (53,54). They may be associated with the leuko-
cyte activation and adhesion to the retinal vascular endothelium, which contribute to
the development of vascular leakage and capillary closure in DR. However, their genetic
effects as risk factors of DR need to be evaluated in large-size α samples. It is also yet
to be revealed how the genetic alterations lead to pathological phenotypes of DR.

Pathophysiology and Clinical Features 

Prolonged hyperglycemia is the primary and key factor that gives rise to all abnormali-
ties in DR (55). High concentrations of blood glucose lead to changes in cell metabolism,
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including the polyol pathway activation, diacylglycerol-protein kinase C pathway activa-
tion, stimulation of cell oxidative stress, and changes in macromolecule structure and func-
tion via the formation of advanced glycation endproducts (AGE) (55). Further, these
biochemical changes result in the dysfunction of vascular cells, including the pericytes and
vascular endothelial cells. Activated endothelial cells release proangiogenic growth factors
and cytokines, which cause cascade changes of other retinal cell types. The impaired
antithrombotic function of endothelial cells, the interactions between leukocytes and
endothelial cells, the vasoconstriction caused by overproduced endothelin, and the reduced
function of vasodilating factors (prostacyclin, nitric oxide) cause the thrombosis and clo-
sure of retinal capillaries, resulting in the failure of retinal vascular function and regional
hypoxia in the retina.

There are several common pathological changes in DR: the appearance of micro-
aneurysms, increased vascular permeability, capillary occlusion, and retinal NV (55).
The earliest histological change in DR is the loss of pericytes. The loss of pericytes and
subsequent dilation of capillaries can cause microaneurysm, which is the earliest visi-
ble lesion of DR in clinic. Under ophthalmoscopy, microaneurysm appears as a red dot
with various diameters from 15 to 60 μm. Although the pathogenesis of microaneurysm
is unclear, the increase of microaneurysms has been shown to associate with the pro-
gression of retinopathy. The increased vascular permeability resulting from the break-
down of the blood–retinal barrier (BRB) allows the leakage of plasma macromolecules
and the fluid into the retina and results in microexudates, infiltrating protein, lipid exu-
dates and most severely, DME. The appearance of DME represents a more advanced
stage of DR and can cause significant impairment of central vision. 

The occlusion of capillaries often gives rise to focal retinal ischemia and hypoxia. The
local hypoxia then induces the overexpression of angiogenic stimulators and decreases
the levels of endogenous angiogenic inhibitors in the retina to stimulate new blood vessel
formation to improve oxygenation in the retinal tissue. These new vessels cross over both
the normal arteries and the normal veins of the retina, showing a sign of their unregulated
growth. At advanced stages, new vessels can grow into the vitreous body, resulting in
preretinal NV. The abnormal structure of new blood vessels can lead to leakage of plasma
proteins and hemorrhage into the retina or vitreous and consequently compromise vision.
Some of the new vessels grow with the fibril tissue to form fibrovascular complexes and
cause tractional retinal detachment, further exacerbating vision impairment. 

Clinically, DR is classified into two stages: nonproliferative DR (NPDR) and prolif-
erative DR (PDR). At the stage of NPDR, the lesions are within the retina and include
microaneurysms, small “dot and blot” hemorrhages, “splinter” hemorrhages, intrareti-
nal microvascular abnormalities (IRMAs), and “cotton wool” spots. At the stage of
PDR, in addition to the changes in NPDR, NV develops along the surface of the retina
or extends into the vitreous cavity. 

DME, RETINAL NV, AND VEGF

Breakdown of the Blood–Retinal Barrier and DME

DME can occur at any stage of DR. However, the incidence of DME is closely cor-
related with the severity of DR. The incidences of DME are 40% and 71% for patients
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with NPDR and PDR, respectively. As DME directly affects the function of the mac-
ula, it often results in significant vision impairment. DME is the single greatest cause
of vision loss in diabetic patients (56–59). Approximately 20% of DME patients with
type 1 diabetes and 50% of those with type 2 diabetes have visual acuity worse than
20/40. This level of vision loss limits or prevents daily activities such as driving and
reading. 

Diabetic patients also have significantly higher incidence of cystoid macular edema
(CME) secondary to cataract surgery (60). As diabetic patients have increased risks of
developing cataract, and many need cataract surgery, CME is a common clinical com-
plication in diabetic patients.

The current treatments for DME are far from satisfactory. Intensive glucose control,
as demonstrated by the DCCT, decreased the incidence of DME by 23%, when com-
pared with standard, conventional glucose control (6,61). The ETDRS demonstrated
that treatment of DME by focal laser photocoagulation is beneficial for reducing the
rate of moderate visual loss by only 50%, and the rate of visual improvement is low
(62,63). Furthermore, the laser burns that result from such focal laser treatment in
patients treated in the ETDRS have been shown to increase the atrophy of the retinal
pigment epithelium (RPE) with the progressive enlargement of the initial focal scars of
laser photocoagulation (10–12,64). This may lead to visual loss with central scotomas
and a decrease in color vision. 

The breakdown of the BRB and subsequent increase in vascular permeability are
believed to play a major role in the development of DME. Vascular leakage caused by
the breakdown of the BRB is an early and common pathological change in DR and
some other ocular disorders (65–67)7 . At early stages of DR, it is found that the increase
of retinal vascular permeability precedes the appearance of clinical retinopathy
(68,69).

The BRB plays an important role in maintaining normal physiological functions of
the retina. The BRB is composed of two spatially distinct barriers limiting the flow of
macromolecules and fluid into the retina: the inner barrier is the vascular endothelium,
mainly residing at the tight junction between adjacent endothelial cells; the outer bar-
rier is the tight junction between the RPE cells (60). The tight junction between
endothelial cells contains an assembly of unique proteins such as occludin, claudins,
and zonula occludens (ZO)-1, ZO-2, and ZO-3. The structural interactions between
these proteins constitute the tight junctions and limit the fluid flow (70).

Impaired inner BRB has been found to play a major role in the evolution of DME
and DR (71,72). In the diabetic animal model, the early BRB breakdown is localized to
the retinal venules and capillaries of the superficial retinal vasculature (73). Later, the
BRB interruption progresses from the superficial layer to the deep capillary bed (74).
The decreased expression, redistribution, and changed phosphorylation of some of the
tight junction proteins, such as occludin, can result in disorganization of the tight junc-
tion proteins in the vascular endothelium which is considered responsible for the break-
down of the inner BRB (74–76)6 .

Recent studies have shown that unbalanced expression of angiogenic factors and
angiogenic inhibitors plays an important role in the development of DME (77,78), and
thus represents a new target for pharmacological intervention of DME.
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Retinal NV and PDR

Retinal NV is another central feature of DR and a major cause of blindness in dia-
betic patients. The appearance of NV represents the progression of the disease from
NPDR to the advanced stage—PDR. In severe NPDR, the extensive area of capillary
closure caused by the dropout of pericytes and the loss of endothelial cells result in
local retinal hypoxia, which in turn stimulates the release of angiogenic factors and
cause retinal NV to alleviate local ischemia. However, these newly formed blood ves-
sels are malformed with fragile basement membrane, deficient tight junction between
endothelial cells, and lack of pericytes. The walls of the new vessels are weak and may
break, resulting in hemorrhage into the vitreous and compromised vision.

In the more advanced stages of PDR, the new vessels accompanied by fibrous tissue
grow from the anterior retinal surface into the vitreous cavity, forming the fibrovascu-
lar membrane, which can pull the retina away from the underlying choroid. This can
cause tractional retinal detachment and result in blindness if untreated. In many cases,
retinal NV coexists with DME or macular ischemia caused by capillary nonperfusion,
leading to more severe condition of vision impairment. 

A major obstacle in studying PDR is the lack of ideal animal models. All diabetic
rodent models examined so far do not develop typical NV identical to that in PDR patients
(79). The STZ-diabetic rat model is a commonly used type 1 diabetes model. This model
develops some NPDR features such as pericyte loss, increased retinal vascular perme-
ability, and so on, but does not develop retinal NV, even after long durations of severe
hyperglycemia (80). Transgenic mice overexpressing VEGF in the retina have displayed
intraretinal NV, but lack preretinal NV (81,82). Galactose-fed dogs can develop some
retinal vascular changes similar to human DR, including appearance of microaneurysms
and acellular capillary beds associated with nonperfusion areas. Some galactose-fed dogs
even develop some PDR-like features, such as appearance of fibrovascular membrane on
the retinal surface and on the posterior hyaloid membrane, after several years of galactose
diet (79,83–85). However, this model is not practical for the large-scale research, as it is
associated with high costs and long experimental durations. Most commonly used model
for PDR is oxygen-induced retinopathy (OIR) in newborn rats or mice. This model has
also been established in cats and dogs (86,87)7 . Although this is not a diabetic model,
the OIR model indeed develops most of the human features of PDR, such as increased
vascular permeability, microaneurysm, nonperfusion area, preretinal and intraretinal NV,
and hemorrhage. Therefore, OIR is commonly accepted as a model for PDR studies. It
is noteworthy that this model has species difference and strain difference in terms of
severity of NV and vascular hyperpermeability, even in the same species (42). As men-
tioned above, BN rats have shown significantly more severe and longer duration of retinal
NV and vascular leakage than SD rats after the same high oxygen exposure. Therefore,
the strain of rat or mouse used for this model should be brought into the consideration,
when results from different groups are compared.

VEGF in DME and Retinal NV

In the past two decades, extensive studies have been conducted to understand the role
of growth factors in the development of DR. VEGF, basic fibroblast growth factor
(bFGF), insulin-like growth factor (IGF)-1, endothelin (ET), and a number of other
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angiogenic factors have been implicated in DR (88–91). Among these angiogenic fac-
tors, VEGF is believed to play a key role in the development of DME and retinal NV
(71,88,92). VEGF is a homodimeric glycoprotein composed of four isoforms resulting
from alternative RNA splicing (93). It is a potent angiogenic stimulator with endothelial
cell-specific mitogenic activity and plays a crucial role in both normal and pathological
angiogenesis (88,94). VEGF is also referred to as vascular permeability factor (VPF),
based on its ability to induce vascular hyperpermeability (94–96)6 . It has a potent activity
in increasing vascular permeability, with an efficacy 5000-fold higher than that of hista-
mine (97)7 . VEGF is produced by multiple cell types in the retina, including the RPE,
pericytes, endothelial cells, glial cells, Müller cells, and ganglion cells (98–100). Among
them, Müller cells and RPE are believed to be the major source of VEGF in the retina,
and endothelial cells to be the primary target of VEGF (99,101). VEGF exerts its bio-
activities through two known VEGF receptors, Flt-1 and Flk-1/KDR, which are expressed
predominantly in endothelial cells, and to a lesser extent on monocytes and macrophages
(102,103). The binding of VEGF to its receptors initiates a signal transduction cascade
mediating vascular permeability and endothelial cell proliferation and migration.

It has become evident from both diabetic patients and diabetic animal models that
VEGF levels are increased in the retina with DR. The earlier studies demonstrated that
VEGF levels are significantly elevated in the vitreous and the retina from patients with
PDR, compared with those with NPDR, and are correlated with the severity of DR
(98,104–108). Laser photocoagulation decreased vitreous VEGF levels by 75% in
patients with PDR (109), suggesting that the development and regression of retinal NV
is closely associated with VEGF levels in the retina. In addition, significantly elevated
VEGF levels in the aqueous humor were also reported in diabetic patients with macu-
lar edema and correlated with the severity of DME (108). 

VEGF overexpression was also confirmed in animal models of DR. In early stages
of STZ-diabetic rats, significant increases of retinal VEGF mRNA levels have been
found to correlate with retinal vascular permeability (110). This early BRB breakdown
can be successfully prevented by VEGF TrapA40, a soluble VEGF receptor Flt/Fc
chimera (73). These coincided increases of retinal VEGF level and the BRB breakdown
were also observed in the relative long-term diabetic animal model (71).

In the OIR model, retinal VEGF levels are significantly elevated, which correlate
with the retinal NV progression. The VEGF levels decline to the normal level when the
regression of NV occurs (14). The contribution of VEGF to the formation of retinal NV
is also supported by observation that intravitreal injection of VEGF successfully induces
iris NV in monkey eyes (111,112). Repeated injections of VEGF can cause severe iris
NV and neovascular glaucoma, mimicking the condition of neovascular glaucoma that
occurs in the very advanced stage of PDR (111–113). 

These previous observations all support that overproduction of VEGF is the major
cause of DME as well as retinal NV in diabetes (88–114).

ENDOGENOUS ANGIOGENIC INHIBITORS 
AND THEIR IMPLICATION IN DR

Angiogenesis is normally regulated by two counterbalancing systems: angiogenic
stimulators (e.g., VEGF) and angiogenic inhibitors (e.g., PEDF) (Fig. 1). It is the delicate
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balance between angiogenic stimulators and inhibitors that determine where and
when new blood vessels are formed. In the adult retina, the angiogenic inhibitors
are predominant in the balance to maintain the quiescent status of retinal vasculature.
Our recent studies demonstrate that the disruption of the balance plays an essential
role in the development of a variety of neovascular diseases, such as cancer and
PDR (14,115–117)7 . In these pathological conditions, the ratio of angiogenic stimu-
lators to inhibitors increases, which breaks the dormancy of angiogenesis and
consequently, results in abnormal retinal NV (Fig. 1). Therefore, restoration of the
balance by either increase of angiogenic inhibitors or decrease of angiogenic stim-
ulators, or both, should lead to the quiescence of angiogenesis, which may become
an important strategy in the prevention and treatment of PDR and other neovascu-
lar diseases.

The hypothesis that naturally occurring inhibitors of angiogenesis exist and play
important roles in the regulation of angiogenesis was initially proposed by Judah
Folkman (115). As early as 1977, evidence has been documented that inhibitors of
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Fig. 1. Significance of the balance between angiogenic stimulators and inhibitors in diabetic
retinopathy. Angiogenesis and vascular permeability are normally regulated by the balance between
angiogenic stimulators such as vascular endothelial growth factor and angiogenic inhibitors such as
pigment epithelium-derived factor. Under diabetic conditions, the retina overproduces angiogenic
stimulators and decreases the expression of angiogenic inhibitors. The disturbed balance results in
vascular hyperpermeability and diabetic macular edema (DME) and retinal neovascularization
(NV). Administration of angiogenic inhibitors can restore the balance and has therapeutic potential
in the treatment of diabetic retinopathy. See color version on companion CD.



angiogenesis exist in the vitreous fluid (119). These inhibitors may be responsible for
maintaining the avascular status of the vitreous body (120,121). The first endogenous
angiogenic inhibitor was isolated in 1994 and named angiostatin, which was later iden-
tified in the human vitreous (25). In recent years, nearly 30 angiogenic inhibitors have
been identified in a variety of tissues (20). They are classified into five major groups in
a recent review (20): (1) endothelial cell specific inhibitors such as angiostatin, endo-
statin, antithrombin III, plasminogen kringle 5 (K5) and plasminogen kringle 1–5
(K1–5); (2) avascular tissue-derived inhibitors such as kallistatin or kallikrein-binding
protein (KBP) and PEDF; (3) antiangiogenic cytokines such as interferon-α,
interleukin (IL)-12, interferon-γ, and IL-18; (4) angiogenic factor antagonists, includ-γγ
ing soluble fibroblast growth factor receptor (FGFR)-1, soluble VEGF receptor
(VEGFR)-1 and angiopoietin-2; and (5) the other angiogenic inhibitors such as throm-
bospondin (TSP)-1, tissue inhibitors of metalloproteinases (TIMPs), maspin, canstatin,
and tumstatin (20). Among these inhibitors, 16 have been identified in the eye, and nine
of them have been shown as active antiangiogenic factors in the retina, including angio-
statin, endostatin, K5, kallistatin, PEDF, interferon-α, interferon-γ, soluble VEGFR-1,γγ
and angiopoietin-2.

In contrast to the extensive studies of angiogenic inhibitors in cancer research since
1994, the implication of angiogenic inhibitors in DR was not established until 2001.
Our observation that retinal PEDF levels correlate negatively with retinal NV in the
OIR model first demonstrated that the VEGF–PEDF ratio in the retina is correlated
with the progression of retinal NV (14). Therefore, we proposed that the disturbed bal-
ance between angiogenic stimulators and inhibitors is responsible for the development
and progression of PDR. Since then, several other angiogenic inhibitors have been
implicated in PDR in animal models and in diabetic patients and have displayed thera-
peutic potential for the treatment of PDR (122,123). Here, we will briefly summarize
recent progresses about the implication of angiogenic inhibitors in DR.

Angiostatin

Angiostatin is a proteolytic fragment (kringle 1–4) of plasminogen (25). It exists natu-
rally in significant amounts in the circulation of patients with primary tumors (20).
Angiostatin was shown to be a potent angiogenic inhibitor, which blocks NV and sup-
presses tumor growth and metastases (25). It specifically inhibits proliferation and induces
apoptosis in vascular endothelial cells (124). Later evidence has suggested that decreased
angiostatin levels in the vitreous may play a role in the development of PDR (29).
Moreover, recombinant angiostatin has been shown to block retinal NV in the OIR model
(125). Delivery of a recombinant virus expressing angiostatin has been found to suppress
laser-induced choroidal neovascularization (126)6 . Systemic and intravitreal injections of
angiostatin before the appearance of retinal NV resulted in significantly fewer preretinal
vascular cells in the OIR model, suggesting a preventive effect (127)7 . In normal neonatal
mice, however, angiostatin does not affect any physiological development of retinal vascu-
lature or the normal development of animals, suggesting no or low toxicities to normal
vasculature at the dose and duration of angiostatin administration (127)7 . Recently, we have
shown that angiostatin also reduces vascular leakage in the retina of both the OIR and
STZ-diabetic rat models, suggesting that decreased angiostatin in the vitreous and retina
may also contribute to the development of DME (128).
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PEDF

PEDF is a 50-kDa glycoprotein originally identified in conditioned media of cul-
tured fetal human retinal RPE cells by Tombran-Tink and Johnson (129). In 1999,
Dawson et al. first reported that PEDF is a potent inhibitor of endothelial cell prolifer-
ation and migration, even more potent than the well-studied antiangiogenic factor
angiostatin (19). This finding suggests that PEDF is a bifunctional protein and thus has
opened a new era for PEDF study. 

PEDF is believed to be the major endogenous angiogenic inhibitor in the eye. A
number of studies have been documented in the past few years to reveal the role of
PEDF in retinal angiogenic diseases. Our group reported that PEDF levels in the retina
are significantly decreased in OIR rats, and the decrease is correlated with the progres-
sion of retinal NV (14). Laser treatment, which is known as the only effective therapy
for retinal NV in PDR, increases the PEDF level in the rat retina and also in cultured
RPE cells (130). The PEDF gene knockout results in abnormal vessel density in the
retina and prostate (131). The correlation between decreased PEDF levels and DR was
later confirmed in human patients (132,133). PEDF levels in the vitreous and aqueous
humor have been found significantly lower in patients with PDR than those from 
nondiabetic eyes (28,132). Furthermore, in diabetic patients with no or very mild
retinopathy, the decreased PEDF level in the aqueous humor predicts the progression of
DR (134).

The implication of PEDF levels in PDR is also supported by several therapeutic
approaches using PEDF. Systemic delivery of a low dose of PEDF successfully inhib-
ited retinal NV in OIR mice by inducing endothelial cell apoptosis (135). Intraocular
delivery of PEDF by a viral vector caused regression of retinal NV in VEGF transgenic
and OIR mouse models (136,137)7 . Recently, PEDF has also been shown to reduce
VEGF-induced vascular leakage, implying its involvement in the regulation of vascular
permeability and DME (138). All these studies suggest that PEDF is a crucial inhibitor
of retinal NV and DME and has therapeutic potential in the treatment of PDR. 

Endostatin

Endostatin is a 20-kDa C-terminal fragment of collagen XVIII, initially purified
from conditioned media of murine hemangioendothelioma cells as an angiogenic
inhibitor based on its ability to inhibit the proliferation of bovine vascular endothelial
cells in vitro and potently inhibit angiogenesis and tumor growth in vivo (26)6 . Although
the function of endostatin in the eye and in the retina has not been well studied as that
in tumors, solid evidence indicates that endostatin has an important function in the ocu-
lar system. Deficient endostatin production in the collagen XVIII gene knockout mouse
causes delayed regression of blood vessels in the vitreous and abnormal outgrowth of
retinal vessels, suggesting that collagen XVIII/endostatin is important for normal ocu-
lar blood vessel formation (123). 

Endostatin levels in the vitreous and aqueous humor are decreased in patients with
DR and negatively correlated with the severity of retinopathy and the VEGF levels
(122,139). Funatsu et al. (13) demonstrated that the diabetic patients with low endo-
statin levels and high VEGF levels in the vitreous have a significantly higher risk of
progression of PDR after vitreous surgery than those with high endostatin levels and
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low VEGF levels. These studies suggest that endostatin may be used as a marker to pre-
dict the outcome of surgery treatment in diabetic patients.

Endostatin has also been shown to be a promising antiangiogenic agent in the treat-
ment of ocular neovascularization and DR. Intravenous injection of adenoviral vectors
containing sig-mEndo transgene increased the serum level of endostatin and inhibited
laser-induced choroidal neovascularization (140). The effect of endostatin on retinal
NV was demonstrated by adeno-associated virus (AAV)-mediated delivery of endo-
statin to the eye in the OIR mouse model (141). Recently, delivery of endostatin into
the eyes of VEGF transgenic mice using two different viral systems demonstrated that
endostatin not only significantly reduced VEGF-induced retinal vascular hyperperme-
ability, but also inhibited retinal NV and retinal detachment (142).

K5

K5 is a proteolytic fragment of plasminogen, consisting of 80 amino acids (143,144).
Based on in vitro assays, K5 has a more potent antiangiogenic activity than angiostatin
(145). Although K5 levels in the retina and vitreous have not been examined in DR
patients or animals models, a single intravitreal injection of K5 has been shown to pre-
vent the formation of retinal NV in the OIR rat model (24). Moreover, injection of K5
after the partial formation of retinal NV has been shown to stop the progression of reti-
nal NV (24). However, the injection of K5 does not decrease preexisting preretinal ves-
sels or retinal vasculature in normal retina (24). These results, in consistence with the
in vitro studies, suggest that K5 is angiostatic. Recently, we have shown that K5 also
reduces vascular leakage in the retina of the OIR and STZ-diabetic models (146)6 . This
effect is independent of the K5-induced inhibition of retinal NV. More importantly, the
effect of K5 on vascular permeability can be achieved at doses substantially lower than
that required for its antiangiogenic activity (146)6 .

Kallistatin

Kallistatin was originally identified from rat serum as a specific inhibitor of tissue
kallikrein, a serine proteinase that cleaves kininogen to generate bioactive kinins.
Kallistatin is a glycoprotein of 425 amino acids and 58 kDa in the human (147,148).
Kallistatin specifically binds to tissue kallikrein, forming a SDS-stable complex
(149,150), and thus, is also named KBP. It inhibits kallikrein activity in vitro and in
transgenic mice overexpressing kallikrein (147,151). 

Kallistatin shares significant sequence homology with other serine proteinase
inhibitors (serpins) such as α1-antitrypsin, suggesting that it belongs to the serpin
superfamily (148). It also shares significant sequence homology with antithrombin III
and PEDF, which are both potent angiogenic inhibitors. Our earlier studies showed that
kallistatin levels are significantly reduced in the vitreous from patients with PDR and in
the retina of STZ-diabetic rats, suggesting that it is implicated in DR (152,153). Lately,
we have shown that kallistatin is a specific inhibitor of endothelial cells and VEGF
(23); it inhibits cell proliferation and induces apoptosis in endothelial cells. Moreover,
kallistatin inhibits retinal NV and reduces vascular leakage in the retina of the OIR
model (23). These vascular activities of kallistatin are independent of its interactions
with the kallikrein-kinin system (23). As kallistatin is an angiogenic inhibitor present in
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the retina and vitreous at high levels, decreased kallistatin levels in the vitreous of
patients with PDR may contribute to the development of DME and retinal NV. 

Mechanism for Vascular Activity of Angiogenic Inhibitors

In contrast to the significance of these angiogenic inhibitors in DR and their thera-
peutic potential, little is clear about the mechanisms underlying their vascular activi-
ties. Angiostatin is among the most studied angiogenic inhibitors in terms of the
mechanism of action. An earlier study reported that angiostatin binds to ATP synthase
on the surface of human umbilical vein endothelial cells (HUVEC). This binding was
speculated to mediate the inhibitory effect of angiostatin on endothelial cell prolifera-
tion and migration (154). However, the ATP synthase-binding mechanism has not been
confirmed by other groups. Angiostatin has also been found to inhibit the VEGF- and
bFGF-induced activation of the p42/p44 MAP kinase (155). As VEGF- and bFGF-
induced angiogenesis is mediated, in part, through the MAP kinase pathway, blocking
the activation of MAP kinase has been suggested to be a possible mechanism responsi-
ble for the antiangiogenic activity of angiostatin (156,157)7 .

Recent evidence has shown that angiostatin binds to integrins on the surface of
endothelial cells. Using blocking antibodies, Tarui and coworkers demonstrated that
αvβ3 is a predominant receptor for angiostatin on endothelial cells (158). The binding
of angiostatin with integrins on the surface of endothelial cells does not induce stress
fiber formation, implying that the antiangiogenic activity of angiostatin may be through
interfering with the αvβ3-mediated signaling in endothelial cells (158). Similarly, endo-
statin and tumstatin have also been shown to bind to integrins (159). Tumstatin binds
with αvβ3 integrin in a vitronectin/fibronectin/RGD cyclic peptide-independent man-
ner. This binding may mediate the inhibition of endothelial cells proliferation and
induction of apoptosis. Endostatin competes with fibronectin/RGD cyclic peptide for
binding with α5β3 integrin, and this interaction with integrin has been suggested to
mediate the endostatin-induced inhibition of endothelial cell migration (159). 

Recently, interactions between angiogenic stimulators and angiogenic inhibitors
have been revealed and may represent a mechanism for the vascular activities of angio-
genic inhibitors. Gao and Ma (117)7 demonstrated that K5 downregulates the expression
of endogenous VEGF while up-regulating endogenous PEDF in vascular cells and in
the retina of OIR rats, suggesting autocrine or paracrine regulations of VEGF and PEDF
expression. These regulations can restore the balance between endogenous angiogenic
stimulators and angiogenic inhibitors and thus may contribute to the vascular activity
of K5. Later, kallistatin and angiostatin were found to block the overexpression of
VEGF in the retina under ischemia and diabetic conditions, but do not affect VEGF
levels in normal retinas. These angiogenic inhibitor-induced downregulations of VEGF
correlate with their antiangiogenic activities (23,128). Although it is not certain how
these angiogenic inhibitors regulate VEGF expression, K5 has been shown to block the
nuclear translocation of HIF-1α and thus inhibit the activation of HIF-1. Angiostatin
has also been shown to diminish the activation of MAP kinase ERK1 and ERK2 in
endothelial cells (155). As HIF-1 and MAP kinase are both known to play roles in the
regulation of VEGF, the blockade of the HIF-1 and MAP kinase activation may con-
tribute to the K5-induced downregulation of VEGF expression. Recently, K5 was found
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to bind with voltage-dependent anion channel (VDAC1) on the membrane of endothe-
lial cells and thus, VDAC1 was proposed to serve as the K5 receptor on endothelial
cells (160). It is unknown, however, how this receptor mediates the K5-induced regula-
tion of VEGF expression.

In addition, endostatin has been shown to downregulate many other proangiogenic
genes and pathways but upregulate many antiangiogenic genes (161). Unlike K5, how-
ever, the antiangiogenic activity of endostatin has been shown to be HIF-1-independ-
ent. Therefore, it is likely that different angiogenic inhibitors may interact with VEGF
via distinct mechanisms.

The interactions between angiogenic inhibitors with angiogenic factors are not
limited at the regulation of gene expression. Recent studies have shown that some
angiogenic inhibitors also block VEGF signaling. Kim et al. (162) showed that endo-
statin blocks VEGF signaling via direct interactions with VEGF receptor KDR on
HUVEC. Binding of endostatin with KDR can block VEGF binding to its receptor
and thus block the function of VEGF in endothelial cells. Recently, kallistatin has
also been shown to compete with VEGF for binding to its receptors on endothelial
cells (23). Under the same conditions, however, K5 does not compete with VEGF for
receptor binding. These findings further confirm that different angiogenic inhibitors
may have distinct mechanisms of action or molecular targets. Combinations of two or
more angiogenic inhibitors with different mechanisms or targets may achieve syner-
gistic effects on vascular leakage and retinal NV.

In summary, our understanding about molecular mechanisms underlying the vascu-
lar activities of the angiogenic inhibitors and the regulation of their expression are very
limited, compared with those of angiogenic factors such as VEGF signaling. Normal
angiogenic regulation and the development of retinal NV are complicated processes
and involve multiple, interacting factors.

FUTURE PERSPECTIVE

The disturbed balance between angiogenic stimulators and inhibitors represents a
new pathogenic mechanism for DR. Identification of the involvement of angiogenic
inhibitors in DR has not only opened a new field for investigation of the pathogene-
sis of diabetes, but also has revealed a new target for pharmacological interventions.
However, there are many unknown features about the implication of angiogenic
inhibitors in DR. First, it remains to be investigated how these inhibitors are
decreased in DR. Second, their molecular targets and signaling pathways need to be
identified. Third, as evidence has shown that there are interactions between different
angiogenic inhibitors and between the inhibitors and angiogenic stimulators, it is
important to examine these interactions and to study how these interactions are
achieved.

The therapeutic approaches using peptide angiogenic inhibitors for the treatment of
DR raise both hopes and challenges. Possible therapies using endogenous angiogenic
inhibitors for the treatment of DME and retinal NV should offer some advantages over
the current treatments. In general, the treatment of DME using angiogenic inhibitors is
more promising than the treatment of retinal NV, as the doses required are substantially
lower for the DME than that needed for antiangiogenic activity. These approaches may
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lead to the development of noninvasive, effective, economic, and safe treatments to pre-
vent vision loss from DR. 

Despite the encouraging results from animal models, the therapeutic application of
these angiogenic inhibitors is still facing many challenges. First, diabetic retinopathy,
unlike cancer, requires a local antiangiogenic treatment. The reason is that diabetic
patients, although developing abnormal NV in the retina, have common wound-healing
problems in peripheral tissues. This can result in foot ulcer, which represents a major
challenge in diabetes care. Therefore, systemic administration of angiogenic inhibitors
may exacerbate wound-healing problems in diabetic patients. Efficient local drug
administration is desirable and needs to be developed. Second, diabetic retinopathy is a
chronic disorder and requires a long-term administration of drugs. A sustained, long-
term ocular drug delivery system needs to be developed. Third, most of the existing
angiogenic inhibitors are large proteins or peptides. Efforts are needed to improve their
delivery into the retina and prolong their bioavailability in the retina. Fourth, the costs
of production of these large peptides are high. The minimal functional domains respon-
sible for the vascular activities of these inhibitors need to be defined, as the production
of small peptides is more economic and less problematic in general.

Taken together, more intensive, multidisciplinary research efforts are needed to
reveal the pathogenesis of DR and to develop new, noninvasive therapies to prevent
vision loss from this diabetic complication. 
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INTRODUCTION

Corneal neovascularization (angiogenesis) results from the formation of new vascu-
lar structures from the limbal vasculature at the corneal edge. These new blood vessels
may invade the normally avascular corneal stroma at different levels within the cornea
(see Fig. 1).

The structure of the cornea may be viewed as a lipid–water–lipid sandwich in which
the thick hydrophilic stroma is wedged between the epithelial layer of cells anteriorly
and the single layer of endothelial cells posteriorly. The surface epithelium rests on
Bowman’s layer of compressed superficial stromal tissue, whereas the endothelial layer
is separated from the stroma by the elastic Descemet’s membrane.

In most cases a neovascularization network within the cornea is supplied by arteries
entering the cornea into the stroma; it has been shown that in fewer than 10% of
corneal graft buttons were the vessels only between the surface epithelium and
Bowman’s layer (1). The course followed by the vessels in the cornea is determined
somewhat by the anatomy of the corneal layers (2). Clinically it can be observed that
in stromal neovascularization, many of the visible large blood vessels are veins and
the blood can be seen streaming toward the periphery. Arteries tend to be smaller and
less obvious (see Fig. 2A). 

New vessels in the cornea might be helpful in combating infections and assisting
corneal healing, but they are usually undesirable because of their association with
reduced corneal clarity and consequent reduction in vision. Vascularization of the
cornea removes the privilege that the cornea enjoys in terms of corneal transplantation
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Fig. 1. Cross-sectional illustration showing levels of vessels entering the cornea. A slit-lamp
section in the photograph shows superficial (A) and deep (C) vessels invading the peripheral
cornea in response to a deep stromal abscess caused by herpetic infection. See color version on
companion CD.

(grafting), and the chances of subsequent graft rejection increase according to the num-
ber of quadrants of cornea vascularized (3).

Neovascularization of the cornea is observed, and has been reported, in disparate
corneal pathologies, with the vessels sometimes seeming to play different roles in the
pathology. From corneal graft failure and pterygium to lipid keratopathy in herpetic
keratitis, the common endpoint is a threat to vision, either directly or by a reduced
chance of successful surgery and maintaining a clear corneal graft. Trachoma and onco-
cerciasis (river blindness) are significant public health problems in some developing
countries and corneal neovascularization plays a role in these diseases, although the
cure will more likely result from control of the causative organisms and changes in
socioeconomic conditions rather than from an antiangiogenic factor.

The relationship between inflammation and neovascularization in the cornea is com-
plex. In the eye, inflammation usually manifests clinically as a red eye due to dilation
of conjunctival and episcleral blood vessels (mostly veins) and involves inflammatory
cells and cytokines mediating the inflammation. Inflammation in the cornea is often
associated with edema of the corneal stroma, which facilitates stromal neovasculariza-
tion; and all three play a role in reducing corneal clarity and vision. The fourth element
is leakage from new vessels within the cornea, allowing lipid deposition in the stroma,
which might further affect vision. 



In treating the many unrelated corneal diseases, these different elements need to be
addressed; this sometimes requires more than one therapeutic approach.

In this chapter the mechanisms for neovascularization of the cornea will be examined;
this will include the clinical importance of the associated conditions and the molecular
mechanisms, as well as possible therapeutic options that are currently becoming reality. 

FACTORS IN CORNEAL AVASCULARITY AND FORMATION
OF NEW VESSELS

Excellent vision requires a crystal-clear cornea. The cornea is uniquely constructed to
achieve and maintain almost perfect clarity. There are few clear tissues in the body; the
cornea, however, has anatomical features that allow light to pass through with minimal
scattering. Corneal structure is evenly arranged with few cells blocking the transmission
of light. Most of the corneal thickness (about 90%) consists of regular layers of collagen
set apart in a gel matrix of mucopolysaccharides. The collagen fibrils are remarkable for
their uniform diameter and spacing from surrounding fibers and include various types of
collagen, mostly type I, but also types V and VI (4). A total of 10 types of collagen are
expressed in the human cornea (5). The corneal stroma contains relatively few cells;
these consist mostly of collagen-producing keratocytes. The ground substance between
the collagen fibrils consists of proteoglycans, also produced by the keratocytes. 

It has been estimated that less than 1% of incident light is scattered by the cornea;
part of the reason is that the collagen fibers are held in a grid or “lattice” structure,
improving the clarity of the cornea by eliminating scattered light by destructive
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Fig. 2. (A) Superficial new vessels induce corneal graft rejection. A small artery (arrow) is
flanked by a thick and a thin vein. (B) White deposit of lipid in the stroma indicates a lipid 
keratopathy following long-standing stromal herpes simplex infection of the cornea.
Neovascularization in all four quadrants occurs in the middle and deep stroma and a prominent
vein is seen arising deep in the center and draining superficially toward 12 o’clock (arrow). See
color version on companion CD.



interference (6).6 The cornea is maintained in a compact state of dehydration, which not
only allows light to pass through efficiently and prevents distortion of the grid struc-
ture, but also inhibits vascularization (7).7 With stromal edema the collagen structure
assumes a less compact arrangement, scatters incoming light, and also allows blood
vessels to penetrate. This causes additional light scatter, which may reduce vision.

Origin of New Corneal Vessels

Corneal neovascularization arises from the existing vascular network of arteries and
their corresponding veins, as well as capillaries at the limbus, by a process referred to
as angiogenesis. The anterior segment blood supply may be thought of as arising from
several circular ringlike systems that surround the cornea and communicate with each
other. In reality these are theoretical ring-like communications, rather than something
that can be identified as a complete ring anatomically. 

There is a superficial episcleral ring system supplied by the anterior ciliary arteries,
brought in from the ophthalmic artery by the rectus muscles. This superficial ring lies on
and below the scleral surface 1 to 5 mm behind the limbus (8). From this superficial
episcleral ring arise the vascular arcades normally seen at the edge of the cornea, as well
as the conjunctival vessels. The episcleral region immediately posterior to the limbus is
particularly well vascularized, although many of the vessels are not normally visible.
There are two deep ring systems lying in the ciliary muscle. The major arterial circle of
the iris is supplied from the long posterior ciliary arteries, which themselves originate as
two branches, medial and lateral, from the ophthalmic artery. The intramuscular ring lies
posterior to the major circle and is supplied by deep perforating branches of the anterior
ciliary arteries (9). These ringlike systems surround the deep part of the cornea and
anastomose with the more superficial episcleral ring created by the anterior ciliary arter-
ies. The blood flow in the deep and superficial ring systems connect but flow is consid-
ered to occur mostly (60%) from the deep to superficial ring systems (10). Although
such an interconnected system may appear infallible in supplying blood to the anterior
segment, the nature of the anastomoses between posterior and anterior ciliary vessels is
somewhat doubtful because the blood supply to the posterior segment of the eye can be
interrupted in a segmental way, leaving watershed areas (11).

Clinically, in neovascularized corneas, many of the visible corneal vessels are veins
that tend to have a thicker, more tortuous appearance than arteries and on slit-lamp
examination, blood can be seen streaming out centrifugally, from the center of the
cornea toward the corneal periphery. It can be difficult at the slit-lamp to identify the
thinner, straighter, feeder arteries in the system of vessels. Sometimes the arteries arise
deep in the cornea, with the venous outflow prominently visible and more superficial
(see Fig. 2B).

When viewed by slit-lamp examination in the clinic, blood vessels can be seen to
invade the cornea superficially, as a pannus extending a variable distance onto the
cornea and associated with subepithelial or stromal scarring that may affect vision (12),
or as stromal vascularization, which may occur at any level in the stroma, depending on
the cause (stimulus for neovascularization) (1,12). The attractive patterns created by
new vessels in the cornea were classified by the early ophthalmologists and given
names, such as the umbel, or flower-cluster type (see Fig. 3A) (12).
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Pannus occurs commonly in diseases like trachoma, atopic keratoconjunctivitis, and
staphylococcal blepharitis, as well as vernal conjunctivitis and with contact lens wear,
but there are many other causes (13). When pannus develops, the new blood vessels
originate from the vascular arcades derived from the superficial ring of episcleral blood
vessels and may sometimes be seen extending from conjunctival branches of the ring.
Superficial stromal vascularization occurring in the periphery of the cornea is quite
commonly seen in soft contact lens wearers and is regarded as fairly benign, although
undesirable (14). With tumor growth at the limbus, the budding new vessels can be
seen growing into the superficial spreading tumor (Fig. 3B).

Deeper vascularization occurring in the corneal stroma with interstitial keratitis origi-
nates from the anterior ciliary arteries (8) (and their deep anastomoses with the ciliary
muscle intramuscular ring and major circle of the iris). Presumably the extensive connec-
tions between these two systems, the deeper rings fed by the long posterior ciliary arteries
and the superficial episcleral ring fed by the anterior ciliary arteries, allow new blood ves-
sels to enter the stroma at any level, although clinicians may place diagnostic significance
on the exact level of corneal vascularization. Deep stromal vascularization has been con-
sidered virtually pathognomonic of syphilis (13), but has also been reported in association
with extended contact lens use in monkeys (15) and with soft contact lens use by patients
(16).6 It has been reported that an angiogenic factor related to basic fibroblast growth factor
might occur naturally in Descemet’s membrane (17).7 The release of sequestered angio-
genic factors by inflammation or other means might explain some of the clinical findings.
There are many listed causes of corneal neovascularization (12,13,18–20).

The actual new vessels seen in the cornea are derived from capillaries and veins
(2,21,22). The arteries show some proliferative activity, but this occurs later than the
endothelial proliferation in veins and capillaries (23).
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Fig. 3. (A) Stromal lipid (white feathery deposit) surrounds an “umbel” configuration of
corneal neovascularization appearing as a flower-cluster (arrow). (B) A recurrent carcinoma in
situ (noninfiltrative) spreading onto the cornea. Budding new vessels can be seen that arise deep
and supply the tumor (arrow). Vessel loops are seen in the clear cornea. Fig. 8b shows the whole
eye. See color version on companion CD.



Conditions and Timing for New Vessel Formation in the Cornea

Michaelson (24) proposed a retinal factor with certain properties that appeared to stim-
ulate the formation of retinal capillaries from veins in the developing retina. He showed
that the capillary nets avoid arteries and arteries send only a few feeder vessels to connect
with the net. He showed that the development of the vessel nets was in a triangular shape
with the base toward the retinal periphery. Later work by Ashton suggested that the cap-
illary net was developed first, and this was followed by differentiation into arteries and
veins related to their role in carrying blood and also the oxygen concentration (25).

Corneal neovascularization appears to have some parallels with the retinal vascula-
ture, with many visible veins and few feeder arteries. The development of vascular
structures in the cornea can have a triangular pattern, but with the base toward the lim-
bus. This occurs in response to an angiogenic stimulus at the apex of the triangle and
has been observed in animal experiments (26) and also clinically (see Fig. 4A,B).
Careful study of the development of corneal vascularization in rabbits showed that stro-
mal edema, usually near the limbus, preceded new vessel formation and that the first
change seen was engorgement of capillaries and venules (7)7 . A clinical analogy to this
was noted in acute corneal hydrops, where neovascularization was seen if corneal
edema occurred close to the limbus (27).7 Neovascularization in the more usual central
corneal hydrops is considered uncommon. Scanning electron microscopy of casts made
of new vessels in rat corneas showed that, in response to chemical cautery, new vessels
bud from venules and, to a lesser extent, capillaries (28). In this model, the first buds
appeared at 27 h following the injury and differentiation into identifiable arteries and
veins took 9 to 21 d. It was considered that this differentiation might be dependant on
flow-through or pressure within the vessels.
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Fig. 4. (A) Superficial neovascularization (pannus) in a triangular shape (arrow) in response
to a superficial stromal herpes infection. Ulceration is seen in the slit-lamp beam as a greenish
opacity (due to fluorescein dye). (B) After 4 d of treatment with topical 1% dexamethasone eye-
drops and acyclovir ointment, the dilated conjunctival vessels have constricted and regression of
the corneal neovascularization has begun. The corneal ulcer is shown as green due to fluores-
cein dye enhancement. See color version on companion CD.



Direct observation of the blood vessels in rabbit corneas that develop following
suture placement in the cornea shows similar developments (22). The initial budding
from capillaries began by 18 h, with blood flow through the new vessels about 72 h
later. Researchers found that the new vessel sprouts were located along corneal nerves.
They felt that corneal edema was not a necessary component for corneal neovascular-
ization. It has also been shown that when basic fibroblast factor with sucralfate was
placed in the corneal stroma it induced angiogenesis in the mouse model without
inflammation or edema (29). Clinically there are conditions, such as congenital heredi-
tary endothelial dystrophy and Fuchs’ dystrophy (22), in which quite severe corneal
edema is seen without neovascularization, although neovascularization may occur with
long-standing disease. 

Role of Corneal Inflammation and Repair

A multitude of cytokines, extracellular matrix proteins, and growth factors have been
found in the cornea (5,30,31); their complex interactions might provide further opportu-
nity for intervention in preventing opacification of the cornea, as well as blocking angio-
genesis. This system of normal corneal maintenance and repair is invoked in response to
various injuries and insults, including the most recent insult, refractive surgery. Corneal
repair is usually described as it occurs by corneal layer (31,32) and although complex, is
somewhat simplified by the relatively straightforward organization of the cornea. Much
of the current interest focuses on what happens in the corneal stroma, epithelial regenera-
tion and healing, and how the stroma and epithelium interact. Several of the layers heal
with less effect on vision than the more critical healing of corneal stroma and epithelium.

The corneal endothelium, a single layer of cells coating the posterior surface of the
cornea, does not replicate; repair is by the sliding of cells to cover areas of damage.
Corneal endothelial cell density decreases with aging but is normally 3000 to 3500
cells/mm2 in young adults. The corneal endothelial cells secrete Descemet’s membrane,
which has elastic properties and lies between the endothelium and the stroma, like a
basement membrane. If Descemet’s membrane is damaged it will slowly be replaced
by the endothelium. Bowman’s membrane, on the other hand, is not replaced once it is
damaged or removed by excimer laser ablation.

Corneal epithelium is regenerated centripetally from the limbal stem cells, and the sur-
face squamous cells are replaced from the underlying basal cells, which are attached to a
basement membrane. The basement membrane of the corneal epithelium rests on Bowman’s
layer, a compressed zone of corneal stroma. Damage to the limbal stem cell area, the source
of new corneal epithelial cells, may result in a change to a conjunctival type of epithelium
covering the corneal surface. The reduced optical quality of this conjunctivalized surface
may result in light scatter and reduced vision, as well as sometimes being the source of
chronic inflammation and associated superficial corneal vascularization (33). 

In the stroma repair involves regeneration of both the collagen fibrils and regeneration of
proteoglycans. Necrosis of stromal tissue due to trauma or an inflammatory disease process
can cause corneal thinning, the clinical manifestation of tissue loss, seen by slit-lamp exam-
ination. Replacement collagen fibers may appear as permanent white stromal scarring, scat-
tering incoming light and degrading vision. Control of inflammatory damage and scarring
is a key factor in reducing morbidity due to eye disease or following refractive surgery.
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Various factors are released by corneal epithelial cells or stromal keratocytes, or
both; these factors may affect their own function (autocrine) or functioning of
another cell (paracrine). Cytokines may be brought in via inflammatory cells from
limbal vessels or new vessels invading the area, from the tear film, or even from the
aqueous. The cytokines have been classified according to their site of production
and where they exert their effect. The signaling system between corneal epithelium
and stroma was reviewed by Nishada and Tanaka (30). Keratocyte apoptosis follows
epithelial damage; the results on the stroma of what happens to the epithelium are
beginning to be understood (5). This interactive relationship has been observed by
clinicians who have frustratingly watched dramatically deteriorating situations that
may have started out appearing fairly innocuous. A chronic corneal epithelial defect
may trigger an inflammatory reaction in the stroma, stromal melting, stromal vascu-
larization, or a combination of these (see Fig. 5A). In the 26-yr-old male depicted in
Fig. 5A, the cornea was neurotrophic (absent corneal sensation) following head
trauma, which also restricted eye movement. An epithelial defect was followed some
weeks later by rapid stromal vascularization, which regressed following amniotic
membrane graft to achieve healing of the epithelial defect. This was the patient’s
only eye.

There appears to be a regulatory mechanism involving interleukin-1 and matrix met-
alloproteinase-9 for remodeling of the corneal stroma, and interaction between stromal
keratocytes and corneal epithelial cells seems part of the control mechanism (30).
Corneal stromal repair by keratocytes involves collagen and proteoglycan production;
this process is at least partially controlled by cytokines (31). 
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Fig. 5. (A) A neurotrophic ulcer (arrow a) has induced midstromal neovascularization of the
cornea with vessel loops (arrow b) growing in from the corneal limbus. (B) A dendritic ulcer is
shown as a reddish-purple branching pattern in the corneal epithelium by the slit-lamp beam.
Early neovascularization from the limbus is beginning to encroach superficially into the cornea
(arrow). See color version on companion CD.



This interactive triad of edema, inflammation, and neovascularization of the cornea
appears commonly in many conditions.

The current evidence suggests, in broad terms, that there are substances released
within the cornea that initiate the process of new vessel formation and other substances
that oppose the formation of blood vessels. The balance of these two opposing influ-
ences, as well as other elements such as edema of the corneal stroma and inflammation,
would determine the extent and pace of vascularization. Conceptually, it may be useful
to consider a switch (34) to the angiogenic phenotype under certain conditions, with
interplay of many possible factors providing for a complex scenario. Some of the better
known proangiogenic and antiangiogenic factors were recently listed, showing 21 pro-
and 17 antiangiogenic factors (35). 

It is probably reasonable to differentiate between superficial vascularization and
deeper vascularization of the corneal stroma. Superficial new vessels include situations
in which there is conjunctivalization of the surface of the cornea and also the superfi-
cial vessel ingrowth that clinicians refer to as pannus. This separation is advisable
because surface disorders have quite a different significance to clinicians. Both are
problematic and surface disorders may be even more difficult to treat than the ominous
stromal vessels that make corneal grafting difficult. The causes of these two groups of
conditions are also generally different.

CORNEAL NEOVASCULARIZATION:
ITS ROLE IN BLINDING DISEASES

Corneal Blindness

There are at least three direct mechanisms for vision loss: conjunctivalization of the
corneal epithelium, causing a poor optical surface; leakage of lipids into the cornea;
and direct growth of vessels with fibrous tissue obstructing vision (36)6 . 

The extent of the worldwide problem of corneal neovascularization cannot easily be
determined (20). Corneal disease is responsible for unilateral or bilateral blindness in
about 10 million people, many of whom live in developing countries (37)7 . It is second
only to cataracts as a worldwide cause of blindness, and trachoma is responsible for
half the cases of corneal blindness. 

In developed countries, some degree of peripheral superficial vascularization associ-
ated with contact lens wear (14,20) or blepharitis might be accepted as fairly harmless,
whereas stromal vascularization following herpes simplex, or other infections, may be
associated with visual morbidity and poorer outcomes for corneal grafting (20).
Bacterial corneal ulceration may be associated with contact lens wear in developed
countries (38) and may result in vascularized corneal scarring (1). 

In developing countries, corneal disease, with its associated corneal scarring and
vascularization, is a major factor in blindness in both children and adults (37)7 . Surveys
of schools for the blind in east Africa have shown that corneal blindness resulting from
vitamin A deficiency and measles infection accounted for 35% of severe vision loss or
blindness in 244 children under age 16 yr (39). In Zimbabwe a survey of 430 students
at schools for the blind showed 75% of blindness to be caused by bilateral corneal
opacities (40). The corneal disease was considered to have been a sequel of previous

Corneal Angiogenesis 53



measles infection. The problem of corneal ulceration in children and the complex rela-
tionships among malnutrition, measles, and herpes simplex infection have received
considerable attention (41–43). The end result is often vascularized corneal scarring,
which is difficult to treat with corneal grafting and is largely preventable. Corneal
ulceration due to bacterial and fungal infections in adults, often associated with corneal
trauma and degenerations, is an important cause of corneal blindness in adults in devel-
oping countries (44,45). 

Population surveys for corneal blindness are less common. A cluster survey of 18,962
inhabitants in the northern areas of South Africa found a blindness prevalence rate of
0.57%, with corneal scarring due to trachoma causing 10% of blindness (46)6 . This was
a survey of bilateral blindness with vision less than 3/60; the corneal vascularization
associated with trachoma makes corneal grafting difficult in these patients.

Corneal Neovascularization in Corneal Grafts

In addition to the direct problem that corneal vascularization causes for vision, it
may jeopardize subsequent rehabilitation by corneal grafting. The importance of
corneal vascularization as a risk factor for corneal grafts was demonstrated by the sig-
nificant relationship between the numbers of quadrants vascularized and the chance of
rejection (3). In this study of 702 corneal grafts, one or two quadrants (or 1 to 15 ves-
sels) were considered “high risk” for graft failure, whereas three or four quadrants (16
or more vessels) were considered “very high risk” for graft failure. Another study has
shown significantly more corneal neovascularization in patients having a repeat graft
(23%) than a primary graft (13%) and poorer outcomes at 2 and 5 yr in the repeat graft
patients (47)7 . Peripheral anterior synechiae were also blamed for the poorer outcome in
this group of repeat graft patients. In this study, corneal neovascularization was associ-
ated with double the risk of a poor outcome in both primary and regraft patients on
multivariate analysis. About half the grafts in both groups were for bullous keratopathy
following cataract surgery. Recently, deep stromal vascularization was shown to be a
risk factor for corneal graft failure in a large case series of 3992 consecutive grafts (48). 

In first-world countries a 5-yr graft survival rate of 70% has been reported (49) but
in developing areas, where data collection and patient follow-up are not as precise, the
results are generally not as good. In developing countries, the procedure is reasonable
in the good-prognosis nonvascularized corneas with keratoconus but drops to 65% at 2 yr
in eyes with conditions associated with vascularization (50).

Herpetic Corneal Disease

Herpes simplex and zoster corneal disease are a cause of substantial morbidity in
both developed and developing populations. Herpes simplex has been estimated to
cause recurrent infections in more than one-third of the world’s population and causes
300,000 cases of ocular infection per year in the United States (51). Probably about
90% of persons with recurrent ocular infections will maintain good vision (52), but
corneal scarring might result from corneal epithelial infection in the form of dendritic
ulceration. This tends to be superficial (53) but following episodes of the deeper stro-
mal type of herpes simplex keratitis, there can be associated deep stromal scarring and
vascularization. The marginal type of dendrite is usually associated with greater corneal
edema and inflammatory infiltrate in the superficial stroma (53), and this may be
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associated with superficial corneal vascularization (see Fig. 5B). The deeper necrotic
stromal disease may be associated with an intense inflammatory focus in the corneal
stroma. There may be stromal edema and rapid mid- or deep-stromal vascularization,
which can respond fairly dramatically to a combination of antiviral and topical steroid
treatment (see Figs. 4A,B, 6A,B).

The strain of herpes simplex virus and its glycoprotein product has been shown to
determine the intensity of the host inflammatory response and, thus, vascularization (54).
Experimentally, using a rabbit model, medroxyprogesterone was shown to decrease
corneal neovascularization and this corresponded to a reduction in polymorphonuclear
leukocyte (PMN) infiltration in the stroma (55). There was a simultaneous reduction in
“total collagenase” in the corneas. Later work using a mouse model to study the inflam-
matory infiltrate in stromal keratitis showed a peak of PMNs by day 7 after infection was
induced (56)6 . After this, the response depended on the immune response of the mouse. If
there was no cell-mediated immune response to herpes simplex virus type 1, the inflam-
mation would subside. If there was a response, a mononuclear cell infiltrate (predomi-
nantly plasma cells) was seen, with associated neovascularization and necrosis in the
stroma. There has been recent speculation on whether the prominent neovascularization
seen in necrotic stromal herpes keratitis is a necessary part of the pathogenesis, or whether
it is a secondary effect resulting from the intense inflammation induced in the stroma. In
a mouse model, Zheng et al. (57)7 showed that vascular endothelial growth factor (VEGF)
originated from either noninfected corneal epithelial cells or inflammatory cells, PMNs,
or macrophage-like cells. VEGF antagonists partially blocked the angiogenesis and
reduced the severity of the stromal lesions. It is of interest that VEGF-stimulated angio-
genesis results in leaky vessels and lipid keratopathy is a fairly common sequel of chronic
herpetic stromal keratitis.
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Fig. 6. (A) A necrotic stromal herpes simplex infection with corneal ulcer in an immunocom-
promised patient showing an abscess (upper arrow) and hypopyon. Florid superficial and deep
corneal vascularization (lower arrow) is seen. (B) After 3 wk of a combination of dexametha-
sone drops and acyclovir ointment the ulcer is almost healed (arrow) and the neovascularization
has partially regressed. See color version on companion CD.



The role of collagenases and gelatinases in the pathogenesis of stromal necrosis
induced by herpes simplex infections is not fully understood. These enzymes, now
grouped as the matrix metalloproteinases (MMPs) (58), comprise at least 18 members
in humans and are regulated by several mechanisms including tissue inhibitors of met-
alloproteinases (TIMPs). There are at least four TIMPs; TIMP-3 has been found to be
antiangiogenic. MMP-9 and -8 are exceptional in that they are stored in the secretory
granules of neutrophils and eosinophils (58). MMP-9 is not found in normal corneas
but has been shown to be a mediator of angiogenesis in herpes simplex keratitis (59). In
a mouse experiment, MMP-9, but not MMP-2, was expressed and was shown to origi-
nate from neutrophils that were part of the inflammatory infiltrate induced by the infec-
tion. Inhibition of MMP-9 by TIMP-1 resulted in a reduction in angiogenesis. The
authors suggest the possible necessary role of angiogenesis in the pathogenesis of
necrotic stromal herpetic keratitis and suggest that an “antiangiogenic cocktail” might
be required to block angiogenesis at various points.

In contrast to the rapid vascularization seen in response to herpesvirus infections,
chronic acanthamoeba (60) corneal infections have been observed to show little ten-
dency to neovascularization in spite of a polymorphonuclear inflammatory response in
the stroma. The reasons for this were not fully elucidated but were thought to be due to
the nature of the immune response generated by the organism.

Mooren’s Peripheral Corneal Ulceration

The Mooren’s type of peripheral ulceration of the cornea is regarded as an auto-
immune process, with the process directed toward an antigen in the corneal stroma (61).
The typical Mooren’s ulcer of the cornea occurs more frequently in males, often affects
the medial or lateral quadrants of the limbus, and affects the cornea and not the sclera
(see Fig. 7A,B) (62,63). The process involves intense inflammation adjacent to the
ulcer with some neovascularization of the base of the ulcer. The blood vessels may be
reactive, caused by the inflammatory reaction in the stroma, or they may be necessary
and allow the antibody to get into the stroma, perpetuating the ulceration. Some forms
are refractory to treatment but surgical removal of the vessels by conjunctival resection
with or without corneal lamellar keratoplasty and immune suppression has been associ-
ated with cure in some of these patients (62,64). The implication, as with herpetic
infection, is that perhaps these blood vessels deliver factors or enzymes necessary in
the pathogenesis of the ulceration. Studies of limbal vasculature in patients with periph-
eral corneal ulceration may show nonperfusion, neovascularization, or leakage from
deep vessels, depending on the clinical type and associated systemic conditions (63). In
these studies using low-dose fluorescein angiography, it appeared that deep limbal ves-
sels leak fluorescein in Mooren’s ulcers. This group of conditions may be difficult to
treat, but being able to medically interfere with the neovascularization might play a role
in treatment of the condition.

Conjunctivalization of Corneal Surface

Alkali burn injury of the anterior segment of the eye, with limbal ischemia affecting
more than four clock hours of limbus, was shown to be associated with worse outcomes
than lesser ischemia, and requires intensive treatment (65). Extensive corneal injury
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associated with chemical burns may lead to conjunctivalization of the epithelial surface
of the cornea, with reduced vision due to scarring (20). This is also seen in aniridia (66)6
and Stevens-Johnson syndrome, in which limbal stem cell deficiency results in an
altered corneal surface that contains goblet cells and often shows vascularization. The
presence of goblet cells in the surface epithelium is an indication that a conjunctival
phenotype is present and occlusion of corneal neovascularization has led to transdiffer-
entiation to a corneal phenotype with improved corneal clarity (67)7 . 

Conjunctivalization with neovascularization of the superficial cornea has been shown
to be mediated by VEGF (68). VEGF was also shown to play a key role in a rabbit
model of corneal neovascularization, in which the vascularization (and inflammation)
was induced by removal of corneal and limbal epithelium (69). The vascularization in
this model could be suppressed by anti-VEGF antibodies that were implanted in the
cornea in a hydron pellet. The role of cytokines in this sequence of events was not
clear. Subsequently, using a rabbit model in which the surface epithelium was removed
by application of sodium hydroxide and surgical debridement, goblet cells appeared
with reepithelialization and Flt-1 (VEGF-R1) receptors were found in goblet cells in
the conjunctivalized epithelium. It was postulated that VEGF controlled the invasion of
this conjunctiva-type epithelium as well as new vessels onto the corneal surface. 

In alkali burns, inflammation may accompany conjunctivalization and new vessel
formation and the inflammatory response may also be a target for intervention (33).
The introduction of substances such as the antiinflammatory cytokine, IL-1 RA, by
intrastromal injection has been shown to reduce the inflammatory response to the alkali
injury in this mouse model, and intrastromal injections would be feasible in the clinical
environment.
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Fig. 7. (A) Mooren’s peripheral corneal ulcer on presentation with superficial neovascular-
ization in the ulcer bed and dilated episcleral vessels (arrow). (B) Following topical steroid
treatment and conjunctival recession with thermal cautery to the episcleral vessels the ulcer
healed over 2 mo, leaving some peripheral scarring but good vision (9 mo after presentation).
See color version on companion CD.



Other possible ways to prevent angiogenesis in alkali burns might involve the inte-
grins and matrix metalloproteinases. In the rat model, the angiogenesis associated with
alkaline burns has been associated with the upregulation of VEGF and the integrin
αvβ5, along with the matrix metalloproteinases MMP-2 and MTI-MMP (70). 

Lipid Keratopathy

Lipids may leak from abnormal blood vessels in the cornea, and the resulting opaci-
fication may affect vision (see Fig. 2B). This is usually associated with situations in
which there is corneal vascularization, either following limbal inflammatory disease, as
in vernal keratoconjunctivitis or trachoma, or stromal vascularization following her-
petic infection, either herpes simplex or zoster. Primary lipid keratopathy occurring as
a storage disease may result in the accumulation of lipid without corneal vasculariza-
tion. Lipid deposition has been described with deep corneal vascularization in soft con-
tact lens wearers, where the mechanisms involved are thought to be hypoxia,
inflammation, and corneal edema (16)6 . 

The accumulation of lipids in the cornea is equivalent to the circinate deposition of
lipids in the retina, seen in diabetes and other conditions in which the retinal vascula-
ture is abnormally permeable. The process in the cornea has also been referred to as
circinate and described in two patterns: parallel to the limbus with an intervening clear
zone, and as a ring of lipid around a sheath of vessels (71). In tumors, angiogenesis
gives rise to leaky vessels and focal hemorrhages and leakage is common within the
tumors (72). In neovascularization of the cornea, lipids may leak but focal hemorrhages
are uncommon, probably because the fairly rigid corneal substance supports and pro-
tects the new vessels. 

Lipid deposition associated with neovascularization in chronic herpetic infection is
clinically the most problematic form, with the inherent threat of rejection or herpes
recurrence should rehabilitation by corneal grafting be attempted. Peroxidized lipids
themselves induce angiogenesis through a cytokine mechanism (73); it is unknown if
this is a factor resulting in a perpetuating cycle in chronic herpetic disease of the cornea.
Further lipid leakage from corneal blood vessels may be suppressed by the ongoing use
of topical steroid drops, with antiviral medication sometimes also being required. Direct
treatment to the vessels has been attempted using argon laser (74) and, more recently,
nonthermal laser light at 689 nm following the administration of verteporfin, a photo-
sensitizing dye (75). A technique of fine-needle cauterization of vessels may be helpful
in allowing successful corneal grafting and stabilizing lipid keratopathy (76). It has
also been shown that using fluorescein dye as a sensitizer and applying argon laser
treatment to vessels may be beneficial in terms of cosmesis and reduced topical steroid
use (77)7 . These treatments, as with surgical cutdown and cautery, may fail due to recur-
rence of vessels, or repeat treatment may be required.

Pterygium

A pterygium is a degenerative process in which there is a triangular fibrovascular
invasion into the cornea at the level of Bowman’s membrane and that frequently recurs
following excision. Zauberman (78) suggested that a “pterygium factor” was present
that, once stimulated, caused the inevitable recurrence of the growth onto the cornea.
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Vascularization of the cornea has been considered to play a role in the pathogenesis of
pterygium (79), although other factors including ultraviolet (UV) light (80,81) and genetic
predisposition (82,83) might also play a part. It has been hypothesized (79) that the ultra-
violet radiation and other irritants might cause an inflammatory cell infiltrate leading to
corneal angiogenesis, which results in the fibrovascular response seen clinically as ptery-
gium (see Fig. 8A). The possibility of a “pterygium angiogenesis factor” has been pro-
posed (84) and the possible absence of an inhibitor of vascularization of the cornea
previously suggested (85). More recently it has been shown that VEGF might be all or part
of the pterygium angiogenesis factor and pigment epithelium-derived factor (PEDF) might
play the role of the absent inhibitor of vascularization. In this study, Jin et al. showed
increased VEGF levels in pterygium samples compared with normal individuals and a cor-
responding dramatic downregulation of PEDF (86)6 . It was not stated whether the control
conjunctiva in this study was also harvested from the limbal area. The link between envi-
ronmental and other factors in causing this disturbance in angiogenic factors is being
explored. In a study of epithelial cells and fibroblasts from pterygia, it was shown that UV
light upregulated heparin-binding epidermal growth factor-like growth factor (87)7 . 

The full complexity and cellular mechanisms for pterygium development are being
unraveled and as they are, the potential for intervention in both primary and recurrent
pterygium may increase.

Trachoma

Limbal inflammatory disease may give rise to corneal neovascularization with or
without lipid deposition. Trachoma, a chronic keratoconjunctivitis, was first described
Egypt in 1900 BC, and remains a public health issue in developing countries (37)7 . In
blinding trachoma, secondary bacterial infections of the cornea result in corneal scar-
ring and subsequent blindness (88).

Corneal Angiogenesis 59

Fig. 8. (A) A large vascular pterygium that may show high recurrence rates in young adult
patients following simple excision. (B) A carcinoma of the limbus extends onto the cornea (Fig. 3B
shows close-up). See color version on companion CD.



Trachoma and other chlamydial diseases have been regarded as risk factors for
corneal neovascularization. In trachoma it was found that superficial vascular pannus
occurred superiorly in most children with the infection, with further extension onto the
cornea as the child got older (89). The neovascularization was thought to follow corneal
infiltrates seen in the peripheral cornea, which were suspected of releasing angiogenic
factors. The superior pannus preceded the development of conjunctival scarring in this
group and was seen in children as young as 1 yr of age.

ANGIOGENESIS AND STIMULUS FOR NEOVASCULARIZATION 
IN CORNEA

Corneal neovascularization is presumed to be at least similar to angiogenesis in other
areas of the eye and body, although exact mechanisms may differ depending on the vascu-
lar bed involved (90). Our current understanding has been assisted by extensive experi-
mental and clinical work done in other areas of medicine, including mechanisms of tumor
growth (34,72,91). Cells need to be within 200 μm of their blood supply, their source of
oxygen, to grow (72). The issue of angiogenesis and tumor blood supply might be critical
to tumors occurring at the limbus and growing onto the avascular cornea (see Fig. 8B).

The stimulus for neovascularization seemingly differs according to the disease but
some common factors are apparent. The association of stromal edema occurring near the
limbus has long been proposed as necessary to allow blood vessels into the usually com-
pact corneal stroma (7)7 . This might be of importance in chronic postoperative bullous
keratopathy and advanced Fuchs’ endothelial dystrophy. It has been suggested as being
important in the pathogenesis of contact lens-induced neovascularization of the cornea
(14). Hypoxia, the trigger to retinal angiogenesis in diabetes mellitus and other condi-
tions, has also been suggested for contact lens-induced vascularization (15,16).
Inflammation might be a requirement for angiogenesis or at least facilitate angiogenesis
in pathological conditions and repair (92). Inflammatory cells, in either sterile or infec-
tive inflammation, are often present and have been postulated as being a key factor (19). 

A substance such as basic fibroblast growth factor placed experimentally into a pocket
in the corneal stroma (29) can effectively and efficiently stimulate new vessel formation,
or the disease mechanism might involve a pathway that is more complex and indirect.

This may involve either the upregulation of angiogenic growth factors, such as VEGF
in herpes simplex keratitis (57)7 , or an infective organism, such as Oncocerca volvulus,
producing a protein that causes the downregulation of antiangiogenic factors (93). 

The current model for corneal angiogenesis has been suggested in various forms by
several authors (19,32,91,94–96)6 but might contain the flowing elements:

1. The stimulus or initiating factor, e.g., herpes simplex infection or an alkali burn.
2. The latent period.
3. Dilation of limbal vessels.
4. Enzymatic digestion of the basement membrane of venules and capillaries.
5. Endothelial cell proliferation and migration toward the stimulus.
6. Elongation of endothelial cells to form a solid sprout, formation of a lumen followed by

sprouts joining together to form vascular loops with blood flow.
7. Maturation of the afferent and efferent sides of the loop to form blood vessels that resem-

ble mature arterioles and venules.
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Initial Stimulus

The idea that there might be an angiogenic factor was conceptualized at the end of the
19th century and beginning of the 20th century (19) with Goldmann (97)7 mentioning the
blood supply of tumors in tumor growth, although this appears to have been very much
a vague idea. More specifically, the suggestion that tumor growth might be determined
by its blood supply and the concept that this process might be interfered with medically
to inhibit or cure cancers was suggested later by Folkman (98) and others (72). 

In 1948, Michaelson (24) suggested that a factor present in the retina was the link
between ischemia of the retina in conditions such as diabetes mellitus and the new
blood vessels that were sometimes observed on the retina and iris. The search for this
substance or substances has been ongoing since that time. An exhaustive review of the
subject in 1991 by Klintworth (19) identified possible corneal angiogenic growth fac-
tors and by 1994 there was still some indecision as to the most likely “Factor X.” Three
main possibilities were considered: basic fibroblast growth factor (bFGF), insulin-like
growth factor (IGF)-I, and VEGF (99). 

VEGF, a cytokine, was described in 1989 (100,101) and appears to be the key angio-
genic factor (90,95,102). It has been shown to be upregulated in many clinical condi-
tions involving the eye where angiogenesis is apparent. VEGF production may be
upregulated during tumor growth by certain oncogenes such as K-ras, H-ras, and bcl-2
(103). VEGF and its receptors, VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR), have
been shown to be expressed in vascularized human corneas obtained at the time of kerato-
plasty (104). It was also suggested that VEGF was produced by epithelial cells adjacent
to corneal ulcers in addition to corneal endothelium and the endothelium of limbal and
corneal blood vessels.

Of the six known isoforms of VEGF, the one that seems most involved with ocular
pathology is VEGF164 (165) (105). VEGF plays a central role surrounded by many other
factors that might differ according to disease and tissue (90). In a microarray analysis
of corneal injury an excimer laser was used to create a wound, and the corneal responses
of 588 genes examined (106)6 . On day 3 following the laser, the VEGF levels were maxi-
mally raised; this corresponded to the time at which the epithelium was absent. At day
7 the VEGF levels were lower; at this time epithelial healing had taken place, although
stromal healing was continuing. Possibly this might indicate a tendency to neovascular-
ization when the corneal epithelium is absent. VEGF does appear to be a necessary
component of the neovascular response in the cornea. In an inflammatory model using
rats, neutralization of VEGF with antibodies blocked the angiogenic response to corneal
injury (69). 

In hypoxic conditions in the cornea, such as overuse of soft contact lenses, neovas-
cularization may occur (16). This might result from increased VEGF mediated by
hypoxia-inducible factor (HIF)-1. This system of oxygen-regulated gene expression is
similar to that seen in the development of the tracheal system in Drosophila (92). 

The actual initiation of corneal neovascularization is likely not a simple mechanism
involving a single growth factor in all cases. It appears that the growth factor or factors
inducing angiogenesis may be produced or released in the cornea by different mecha-
nisms in different diseases.
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Subsequent Events

The events following the initial stimulus have been described mainly for VEGF and
the angiopoietins, although the family of ephrins has also been recently been impli-
cated (95). There might be other angiogenic factors or systems but VEGF seems to
hold a key position. Following the stimulus to vascularization, there is a latent period of
some 27 h during which VEGF levels rise. Current knowledge is incomplete and has
been interpreted from knockout mice (96)6 . This suggests that VEGF via the VEGFR-2
receptor is involved in the migration and proliferation of endothelial cells while it acts
via the –R1 receptor to promote tube formation from the solid sprouts. PEDF opposes
this early stage, preventing proliferation of endothelial cells by inducing apoptosis in
proliferating endothelial cells (35). 

The endothelial budding or sprouting is due to elongation of endothelial cells and is
accompanied by focal areas of dissolution of the basement membrane of the vessel,
allowing the endothelial cells to move into the corneal substance. The elongating solid
sprouts become tubes by curving of endothelial cells (94) and these connect with other
tubes to make a loop. This is followed by blood flow through the loop, and the afferent
and efferent limbs take on the appearance of straighter thinner arterioles or thicker
more prominent and numerous venules. 

Subsequent vessel maturation is directed by VEGF and the angiopoietins via soluble
tyrosine kinase TIE receptors (72,92). The signaling between the angiopoietin Ang 1 and
the TIE-2 receptor serves to promote maturation of blood vessels with thickening of the cell
wall (96)6 . This would serve to lay down basement membrane, increase pericytes, and create
a nonleaky blood vessel wall. Ang 2 also acts on the TIE-2 receptor but might promote the
interaction of angiogenic stimulators like VEGF with endothelial cells, by loosening the
walls of blood vessels. Ang 2 thus appears to act by preventing kinase activation in TIE-2
receptors on endothelial cells and hence blocks the effects of Ang 1. In spite of this block-
ing effect, it has been suggested that Ang 2 might actually promote new blood vessel growth
by activation of the TIE-2 receptor depending on duration and strength of exposure (91).
Ang 2 might also be active in situations in which regression of established blood vessels
occurs, and it might promote regression (96)6 . The role of other signaling pathways such as
the ephrins in the development of corneal neovascularization awaits further investigation
but might also provide opportunity for intervention (107)7 . Ephrin-B2 seems a requirement
early and late in blood vessel formation and may also play a late role in the maturation of
vessels (72,95). Ephrin-B2 and -B4 seem to play a differentiating role in blood vessel for-
mation and mark the endothelium of primordial arteries and veins, respectively (72).

The latent period following the angiogenic trigger represents a window of opportu-
nity for treatment if angiogenesis is to be blocked. Depending on the cause, and events
in the cornea, this period would vary quite considerably, as it is mostly difficult to
judge clinically how strong the tendency to neovascularization will be in an individual
patient. Dilation of limbal blood vessels is an early feature during the process of corneal
neovascularization, so clinically a red eye would precede corneal neovascularization, in
most situations. The clinician would traditionally be addressing the primary cause of
the corneal infection or inflammation and has thus far not been able to preempt the for-
mation of new vessels but rather can record their presence and sometimes use their
clinical appearance in a diagnostic way. 
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Endogenous inhibitors of angiogenesis, as well as a flood of new agents being devel-
oped, may allow the clinician to add antiangiogenic therapy in high-risk situations or
be able to better induce regression of established blood vessels in the cornea.

Amid the complexities there seems one ray of hope: While it is seemingly a complex
process to promote new vessel growth in ischemic diseases, it seems as if it is easier to
block the process and that blockage of one key factor (VEGF) has the required result (95).

REDUCING (OR INCREASING) CORNEAL NEOVASCULARIZATION

The usual therapeutic approach would be to prevent, eliminate, or at least reduce
blood vessels in the cornea. In uncontrolled infections of the cornea an increase in
blood supply might be required; this may be attained surgically by the use of a con-
junctival flap to bring the body’s antimicrobial factors into close proximity to the infec-
tive organisms to neutralize them.

The prevention of corneal neovascularization assumes that the event can be predicted,
as is the situation in repeat corneal grafting in an already vascularized cornea. Otherwise,
the initial stages of vascularization might be observed clinically and an antiangiogenic
strategy employed. In such a clinical situation there might be other more urgent consider-
ations such as nonhealing epithelial erosions and stromal melting that might take priority
in management. In many instances it would be more useful to be able to induce regression
of existing vascularization than to prevent it because patients often present with existing
corneal vessels in many of the diseases that cause corneal blindness. The cornea is readily
accessible for a wide range of therapeutic delivery methods, including drops, ointments
and gels, and injections, either intracorneal, subconjunctival or under Tenon’s capsule.
More innovative methods have included collagen shields impregnated with medication
(108). Slow-release devices may also be placed in close proximity to the cornea.

Depending on the role of the corneal angiogenesis in the pathogenesis of the disease,
different strategies might be appropriate and some have already been used successfully. 

Surgical Methods

Removal of the conjunctiva from the limbus, called peritomy, with cauterization of
limbal blood vessels has been the classical surgical approach to combat corneal neovas-
cularization (12). The technique of amniotic membrane grafting is a more recent approach
and may act by reducing proinflammatory cytokines with a reduced tendency for neovas-
cularization and also fibrosis (109). The use of laser treatment (74,75,77)7 or other direct
methods of blood vessel occlusion (76)6 might assist in certain cases, but these are plagued
by recurrence of neovascularization where the angiogenic stimulus persists.

Steroid Medications as Antiangiogenic Intervention

The prototype antiangiogenic medication has been the corticosteroid group of drugs
developed around 1950. The mechanisms and patterns of angiogenesis in the cornea
have been investigated since the early part of the 20th century (2). The cornea has been
particularly useful for the investigation of angiogenesis and interventions, owing to its
avascularity and the fact that it can be easily observed and photographed. Early reports
suggested that cortisone could inhibit angiogenesis in diseased corneas (110,111). It
was assumed that the angiogenesis factor, suggested by Michaelson (24), which caused
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retinal neovascularization, was also responsible for corneal neovascularization, and that
appears to have been a correct surmise.

Corticosteroids have been shown to have an effect on inflammation and corneal edema
and also to have a direct effect on angiogenesis. Using a model of alkali burns in rabbit
corneas, it was shown that subconjunctival injections of cortisone suppressed the superfi-
cial neovascular response to the alkali injected superficially in the cornea (110). The sever-
ity of the inflammation produced by a very concentrated alkali somewhat masked the
cortisone effect, so a model using alloxan was tested (111). The corneal vascularization
was induced by injecting alloxan into the anterior chamber and the partially protective
effect of sub-conjunctival cortisone injections was demonstrated. There was also reduced
corneal swelling (edema) and opacification. It was subsequently shown that 1% pred-
nisolone drops significantly reduced the neovascular response to thermal burns to the
cornea (112). This antiangiogenic effect was not seen with 1% medroxyprogesterone drops.

More recently, useful models have been developed for the study of angiogenesis in
the cornea. These have included noninflammatory models in which angiogenesis can
be studied without associated edema and inflammation (29). The chick embryo
chorioallantoic membrane (CAM) assay method has been shown to produce similar
results to the rabbit corneal pocket model when testing angiostatic agents (113).

Corticosteroids have been used clinically for ocular inflammation since their appear-
ance in about 1950; their indications in infectious diseases have been controversial and
benefits surprisingly difficult to demonstrate (114,115). The significant side effects
associated with their use make an alternative medication to prevent and reverse neovas-
cularization of the cornea desirable.

Recent Development of Angiostatic Steroids

Angiostatic steroids are inhibitors of the angiogenic process but lack the glucocorti-
coid effects and side effects that make glucocorticoid use problematic. After extensive
testing of more than 100 compounds the two most effective, AL-3789 and AL-4940,
were selected for further study (113). The two drugs appear to act as inhibitors of pro-
teolytic enzymes, although their full mode of action is not clear. They specifically do
not appear to work through cytokine and antiinflammatory mechanisms (113). Both
were tested in a rabbit corneal model, in which the cortisol acetate analog form (AL-
3789) was found slightly more effective (116)6 . The delivery method used was very sim-
ple. An eyedrop containing AL-3789 in a 1% strength at two drops daily resulted in
almost complete inhibition of the lipopolysaccharide-induced corneal neovasculariza-
tion. The simplicity and effectiveness make this an attractive proposition, although the
slow-release form might prove even more efficacious in situations such as high-risk
corneal graft patients, in whom ongoing suppression of neovascularization is required.

Currently trials using anecortave acetate for the treatment of choroidal neovascular-
ization are testing the efficacy of this delivery device and it is hoped that it can be
tested in corneal neovascularization.

Other Approaches to Blocking Angiogenesis

Nonsteroidal agents have been shown to suppress angiogenesis in the eye.
Nepafenac, a cyclooxygenase-1 and -2 inhibitor, was used in mice and shown to be
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effective as a drop to treat choroidal neovascularization because of its excellent corneal
penetration (117)7 .

Cyclosporine given systemically to mice was shown to block corneal neovasculariza-
tion induced by interleukin-2 (118). Cyclosporine, given systemically, has been shown
to prevent corneal graft rejection in patients who were at high risk. These patients had all
four corneal quadrants vascularized with superficial and deep corneal vessels. No com-
ment was made on the effect on neovascularization, but presumably the grafts did not
vascularize because graft rejection usually follows vessel invasion of the graft tissue.

Several antibiotic medications have been shown to have antiangiogenic activity.
Fumagillin, secreted by Aspergillus fumigatus, has shown inhibition of endothelial cell
proliferation and its analog, TNP-470, was shown to have a similar effect in mice (119).
Reduced corneal VEGF levels were found in treated animals. The authors suggest that
the medication might play a role in the treatment of corneal neovascularization, ptery-
gium, and following filtering glaucoma surgery in humans.

Targeting VEGF by several novel approaches has been shown to block angiogenesis.
This single-intervention strategy might be effective in ocular angiogenesis or we might
find that other pathways open up and bypass our intervention. In particular, it might be
naive to think that it would be this simple in cancer therapy where more angiogenic
factors are expressed with time, and more than one intervention might be required (72). 

Inflammatory cells play a prominent role in corneal angiogenesis in many situations
(19) and the chemokine control of leukocyte chemotaxis presents a possible target for inter-
vention. Monocytes are attracted by the monocyte chemoattractant proteins (MCP, types
1–5) that bind to the C-C chemokine receptor 2 (CCR2). The receptor CCR2 is found on
endothelial cells and monocytes and corneal neovascularization is inhibited in mice made
deficient for CCR2 (120). The inhibitory effect was possibly due to a decrease in endothe-
lial migration. A similar partial inhibition of corneal neovascularization was also found in
mice deficient in CCR5, the receptor for macrophage inflammatory protein 1α (121).

Transfection of mouse cornea with cytokine interleukin-1 receptor antagonist pro-
duced a transient reduction in angiogenesis up to 21 d (33). This was postulated to
result from reduced leukocyte infiltration. The method used was a single intrastromal
injection, a feasible approach in human eyes.

Interference with gene expression by double-stranded RNA (122,123) introduced
into cells by transfection is a new approach that might be successfully employed to
potently silence VEGF expression.

Natural Inhibitors of Angiogenesis

There are several well-described factors that oppose angiogenesis. It has been
demonstrated that somatostatin, a neuropeptide, synthesized in the hypothalamus can
block corneal angiogenesis induced by bFGF in a rat model (124). This inhibition was
dose-dependent and was seen at a dose of 200 ng somatostatin, but not 20 ng. The
somatostatin was delivered in the pellet that contained the bFGF.

Transduction of donor corneal buttons with antiangiogenic factors might reduce the
chances of graft rejection, although it is not known how long such an effect might last
in the human eye. Using a lentivirus vector a combination of endostatin and kringle-5
were transfected by storing the donor corneas in Optisol GS corneal storage medium
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spiked with the combination gene and vector for 18 h (125). The corneas were then
grafted into rabbits and a reduction in graft vascularization was shown. This technique
might have application in high-risk corneal grafting. Endostatin, a fragment of collagen
XVIII that is found in vessel walls and basement membranes, exerts its antiangiogenic
effect by inducing endothelial cell apoptosis (72).

Combretastatin A-4, a tubulin-binding agent, can cause regression of established
new vessels (90).

The most important natural factor opposing angiogenesis currently known is PEDF
(126,127)7 . PEDF also plays other roles in cell biology, including neuroprotective func-
tions (128). PEDF has been shown to be downregulated in pterygia (86)6 . The authors
also showed that VEGF was upregulated, but less dramatically than the effect seen with
PEDF. It was speculated that the disturbance in the usual balance of angiogenic control
factors played a role in the pathogenesis of pterygium.

PEDF given by subretinal injection has been shown to reduce neovascularization in
both new and established choroidal neovascularization (129). The established blood
vessels showed apoptosis of the endothelium caused by the PEDF gene therapy. It is
not known whether this effect would still be seen on very mature blood vessels, because
endothelial apoptosis was not seen in normal vessels in this model. If this strategy were
to be used in vascularized corneas, the duration of neovascularization might be a limit-
ing factor. It also seems likely that PEDF has antiangiogenic effects other than causing
apoptosis in endothelial cells (35). Campochiaro and Hackett (90) have suggested that
PEDF given by gene transfer might be useful in both the prevention of neovasculariza-
tion and in the treatment of established neovascularization.

Future therapeutic approaches might include Ang 1 to promote the stabilization of
leaky vessels (95). This might assist in patients with lipid keratopathy along with treat-
ment aimed at inducing vessel regression.
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INTRODUCTION

Polypoidal choroidal vasculopathy (PCV) is a relatively new clinical entity charac-
terized by multiple recurrent serous or hemorrhagic detachments of the retinal pigment
epithelium (RPE) and retina in the posterior pole of the eye. PCV was formerly reported
as a peculiar hemorrhagic disorder of the macula, characterized by recurrent subretinal
and subretinal pigment epithelial bleeding found in middle-aged black women (1–4).
Yanuzzi initially suggested the term “idiopathic polypoidal choroidal vasculopathy” (5)
because the pathogenesis was unknown, but in recent years this condition has simply
been called “polypoidal choroidal vasculopathy.”

PCV is characterized by an abnormal vascular network of choroidal vessels with
polyplike dilations at the terminals of the branches. These polypoidal outpouchings are
seen ophthalmoscopically as reddish-orange, spheroidal, polyplike structures at the ter-
minals of the abnormal choroidal vessels (5,6)6 . Indocyanine green (ICG) angiography
reveals the characteristics of PCV very clearly, and optical coherence tomography
(OCT) has provided additional important information on the structure of the polypoidal
lesions. PCV is much more common than previously appreciated (3,7–9), and in recent
years, the spectrum of PCV has been expanded (7)7 .

ETIOLOGY 

Although the pathogenesis of PCV has still not been determined conclusively, it is
generally thought to be a primary abnormality of the choroid. The network of abnormal
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choroidal vessels is made up of two distinct components: (1) a complex of branching
vessels and (2) multiple reddish-orange terminal aneurysmal or polypoidal lesions (6–8).

Uyama et al. suggested that PCV was a peculiar form of subretinal pigment epithe-
lial neovascularization (10), and Yannuzzi et al. also believed that PCV represented a
subtype of choroidal neovascularization (CNV) in age-related macular degeneration
(AMD) (8,11). On the other hand, Okubo et al. recently suggested that PCV represents
degenerative changes or abnormalities of the choroidal vessels rather than neovascular-
ization (12). Whether PCVs represent abnormal vessels from the choroidal circulation
or neovascularization from choroidal vessels is still being debated.

CLINICAL FEATURES

Age

PCV is most commonly found in patients between the ages of 50 and 65 yr; how-
ever, the age at diagnosis can range from 20 to 80 yr, with a mean age of 60.1 yr (11).
Caucasian patients usually present at an older age (8).

Race and Sex

PCV was originally reported to occur in highly pigmented women (2), but more recent
cases include women of Caucasian descent as well as men (4,7,13). Although PCV was
originally described as usually peripapillary (1–4,6,7,14), currently PCV has been reported
to be prevalent in the macula of elderly people of any race and gender (9,10,15–17)7 .

Fundus

The diagnosis of PCV is made by the presence of reddish-orange subretinal nodules in
the posterior pole, exudative manifestations such as hemorrhagic or serous pigment epithe-
lial and retinal detachments, retinal edema, and lipid depositions (hard exudates) (6,14).

In patients with PCV limited to the macula, the vascular network often arises in the
macula and follows an oval distribution pattern (Figs. 1A and 5A). In patients with
peripapillary lesions, the vascular channels usually follow a radial, arching pattern and
may be interconnected with small spanning branches that are more evident and numer-
ous at the edges of the lesion (Fig. 2A). It has been suggested that there are two pat-
terns of clinical manifestation of PCV: hemorrhagic and exudative (18). The
hemorrhagic pattern is characterized by hemorrhagic pigment epithelial detachments
(PEDs) and subretinal hemorrhages in the macula that mimic exudative age-related
macular degeneration (AMD) (Fig. 3A). The exudative pattern is characterized by
serous PEDs and serous retinal detachments associated with intraretinal lipid deposits
in the macula. The fundus then resembles chronic central serous chorioretinopathy in
the elderly (Fig. 4A).

The retinal manifestations of PCV resemble those of neovascular AMD. Serous reti-
nal detachment and PEDs are most common (52%), followed by retinal hemorrhages
(30%), hemorrhagic PEDs (18%), subretinal hematomas (12%), and RPE degeneration
and atrophy (10%) (9). There is a lower percentage of eyes with subretinal fibrovascu-
lar proliferations (7%) in patients with PCV than with AMD, probably because of the
low level of fibrovascular proliferation and hyperplasia of the RPE (7,9). When present,
the subretinal fibrosis proliferation in the macula severely damages the sensory retina
and RPE and leads to marked visual loss.
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Fluorescein Angiography

Most of the polypoidal dilations in PCV are detected as spotty hyperfluorescence,
and some show slight leakages (Figs. 1B and 5B) (19). The branching networks are not
seen on fluorescein angiography because the network lies beneath the RPE. In a few
eyes, the networks are visible as hyperfluorescence through the atrophic RPE. 
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Fig. 1. Case 1, polypoidal choroidal vasculopathy in a macular lesion. (A) Fundus photo-
graph. There are reddish-orange subretinal nodules (white arrow) associated with retinal pigment
epithelium atrophy (black arrows). (B) Fluorescein angiography. The corresponding polypoidal
dilations (white arrow) are seen as spotty hyperfluorescence. (C) Indocyanine green angiography.
Shortly after the network (arrowhead) can be identified, hyperfluorescent “polyps” (white arrow)
become easily identifiable within the choroid. See color version on companion CD.



Indocyanine Green Angiography

Although the abnormal vascular choroidal changes in PCV can be detected by slit-
lamp biomicroscopy with a contact lens, an exact diagnosis of PCV can be made only
by ICG angiography. ICG angiography demonstrates the branching vascular network
from the choroidal circulation and polypoidal or aneurysmal dilations at the terminal of
the branching vessels (7,10,14,15,17,20–22).

In the early stage of ICG angiography, the larger vessels of the PCV network are
filled prior to the filling of the retinal vessels. Shortly after the network is identified,
small hyperfluorescent “polyps” become easily identifiable within the choroid (Figs.
1C, 3B, 4B, 5B). The polypoidal structures seen on ICG angiography correspond to the
reddish-orange lesions visible on biomicroscopy, although the network vessels may
appear more extensive on ICG than on clinical examinations (Fig. 3B). The vascular
network has an umbrellalike appearance and spreads beneath the RPE. The feeder
artery to the PCV originates from the choroidal circulation and supplies the center of
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Fig. 2. Case 2, polypoidal choroidal vasculopathy in peripapillary lesion. (A) Fundus photog-
raphy. Reddish-orange subretinal nodules (white arrows can be seen). The vascular channels
follow a radial, arching pattern (black arrows). Pigment epithelial detachment (white arrow head)
and subretinal pigment epithelium hemorrhage (black arrowhead) are seen. (B) Indocyanine
green angiography. The structure of the radial, arching pattern of the network of vessels is clearly
seen (black arrows). The vascular network has an umbrella-like appearance and spreads to
beneath the retinal pigment epithelium layer. See color version on companion CD.



the branching vascular network (Fig. 2B). The late phase of ICG angiography is asso-
ciated with a reversal of the pattern of fluorescence previously observed.

Approximately half of the polypoidal vascular lesions found by ICG angiography
are seen in the macula as reddish-orange nodular elevations of the RPE by ophthalmo-
scopy and slit-lamp biomicroscopy with a contact lens. However, the other half of
the lesions are not seen by ophthalmoscopy because they are covered by subretinal
hemorrhages, exudations, or PEDs.

Optical Coherence Tomography

OCT has also proven to be useful in the diagnosis of PCV (23–25). The typical OCT
image shows domelike elevations of the RPE and nodular structures beneath the RPE
(Figs. 4C,5C). The walls of the orange nodules form a highly reflective band that has a
tendency to bulge anteriorly beneath the detached retinal pigment epithelium.
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Fig. 3. Case 3, hemorrhagic polypoidal choroidal vasculopathy. (A) Fundus photograph. Reddish-
orange subretinal nodules (white arrows can be seen). Hemorrhagic pigment epithelial detachments
(black arrows) and subretinal hemorrhages (black arrowhead) are observed in the macula. (B)
Indocyanine green (ICG) angiography. The branching vascular network (white arrowhead) from
the choroidal circulation and polypoidal or aneurysmal dilations (white arrows) at the terminal of the
branching vessels can be seen. The polypoidal structures seen on ICG angiography correspond to the
reddish-orange lesions visible on biomicroscopy, although the network vessels appear more exten-
sive on the ICG angiograms than on clinical examinations. See color version on companion CD.



Natural Course

PCV often follows a remission-relapsing course, and is associated clinically with
chronic multiple recurrent serosanguinous detachments of the RPE and neurosensory
retina with long-term preservation of good vision. Uyama et al. followed 14 eyes with
PCV without any treatment and found that 50% of the patients had a favorable course
(18). However, the other half had unfavorable outcomes because of repeated bleeding
and leakage, resulting in macular degeneration and visual loss. Sho et al. also reported
severe visual loss in 35% of the eyes (9).

In cases of PCV, reactive fibrous proliferation resulting in a typical disciform degen-
eration, a characteristic of end-stage neovascular AMD, is rare (6,9,18). PCVs progress
more slowly than AMD. Thus, the visual outcome is markedly more favorable in PCV
than in neovascular AMD. 
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Fig. 4. Case 4, exudative polypoidal choroidal vasculopathy. (A) Fundus photograph.
Reddish-orange subretinal nodules (white arrows) are associated with serous pigment epithelial
detachments and serous retinal detachments (black arrowheads) in the macula. (B) Indocyanine
green angiography. The vascular network arises in the macula (white arrowhead) and polypoidal
dilations (white arrows) can be seen at the terminal of the branching vessels (white arrowhead).
(C) Optical coherence tomography images show detached sensory retina (white arrowhead) and
a nodular structure beneath the retinal pigment epithelium cell layer (white arrow). See color
version on companion CD.

Fig. 5. Case 5, surgically removed polypoidal choroidal vasculopathy. (A) Preoperative fundus
photograph. Subretinal hemorrhage and pigment epithelial detachment (PED) can be seen (arrow).
(B) Preoperative fluorescein angiography. Fluorescein angiography shows fluorescein leakage from
the lesion and fluorescein pooling corresponding to the PED. (C) Optical coherence tomography. An
elevation of the sensory retina by a highly reflective, domelike layer is displayed. (D) Preoperative
indocyanine green (ICG) angiography. ICG angiography shows polyplike lesions (arrow) with an
associated abnormal vascular network (white arrowhead). (E) Hematoxylin and eosin section.
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Fig. 5. (Continued) The fibrovascular tissue corresponds to the polypoidal lesion. Fibrovascular tis-
sue is observed beneath the domelike elevation of the retinal pigment epithelium (RPE) layer
(arrows). (F) A high-power photograph of E. The fibrovascular tissue contains numerous dilated
thin-wall vessels and massive fibrin-like materials. (G) Pigment epithelium-derived factor (PEDF)
expression. Strong immunoreactivity for PEDF is observed in the RPE (arrows) located above the
fibrovascular membrane and also detected in the endothelial cells of the numerous abnormal vessels
(arrowheads). (H) Vascular endothelial growth factor (VEGF) expression. Strong immunoreactivity
for VEGF is observed in the RPE (arrows) located above the fibrovascular membrane and also in
the endothelial cells of the numerous abnormal vessels (arrowheads). Scale bars, 100 μm.
(Reproduced with permission from ref. 31.) See color version on companion CD.
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Differential Diagnosis

It is important to differentiate PCVs from AMDs. Some patients who were diag-
nosed with AMD and received ICG were found to actually have PCV rather than AMD
on reviewing their ICG records. Vascular changes typical of PCV form a network of
vessels ending with popypoidal lesions that are red to orange in color and are visible by
slit-lamp biomicroscopy unless they are camouflaged by overlying exudates or blood.
On the other hand, the vascular changes of the CNV associated with AMD tend to pro-
duce small-caliber vessels that have a grayish discoloration of the overlying retina.
Flourescein angiography and ICG angiography can be used to distinguish the two enti-
ties. In both types of angiography, CNVs are characterized by diffuse late-staining
plaques, whereas the choroidal network in PCVs is seen by ICG angiography as promi-
nent vascular network in the early stages and a clearing of the dye in the late stage.

PCVs have been also reported to be associated with dry AMD (26)6 . However, char-
acteristically, PCVs are rarely associated with conventional CNV (9%), suggesting that
the pathogenesis of PCV differs from the CNV in AMD (9).

In some patients, PCV presents as purely exudative changes and masquerades as a
choronic decompensation of the RPE, a variant of central serous chorioretinopathy
(18,20). The polypoidal lesions resemble small PEDs both clinically and on flourescein
angiography. The method of differentiating small serous PEDs from polypoidal lesions
is by ICG angiography. The late staining of the PED is seen with flourescein angiography
and hypofluorescence with ICG angiography. On the other hand, the polypoidal lesions
are usually hyperfluorescent with ICG due to their vascular nature.

PATHOLOGY

The peculiar abnormality of PCV is believed to originate in the inner choroid.
Whether PCVs represent abnormal vessels from the choroidal circulation or neovascu-
larization from choroidal vessels is still being debated (8,10,12).

Several clinicopathological studies of PCV have been reported (12,15,27–31).
MacCumber et al. showed extensive fibrovascular proliferation within Bruch’s mem-
brane and in the subretinal space (27)7 . Reynders et al. reported that the grossly dilated,
thin-walled vessels in the specimen from one hemorrhagic AMD case were suggestive
of PCV (28). Lafaut et al. reported that the submacular tissue removed from an eye
with PCV showed several dilated thin-walled vessels, and the aneurysmic vessels
appeared to be of venular origin (15). They suggested that PCVs represent a subtype of
the CNV in AMD.

Okubo et al. on the other hand, found tortuous, unusually dilated venules in a sur-
gically removed, submacular polypoidal vascular lesion (15). The lesion consisted of
degenerated RPE–Bruch’s membrane–choriocapillaris complex and the inner
choroids containing large dilated venules and arterioles. The diameters of the vessels
(300 μm), and the structures and location of the tortuous venules associated with the
arterioles, suggest that they were native, dilated choroidal venules rather than new
vessels. Their findings suggested that PCV was a degenerative change or abnormality
of the choroidal vessels. The authors hypothesized that the hyperpermeability and
hemorrhages due to the stasis of blood in the vessel might cause edema and degener-
ation of the tissue. 



Terasaki et al. reported clusters of dilated, thin-walled blood vessels surrounded by
macrophages and fibrin material in two neovascular membranes obtained during macu-
lar translocation surgery for PCV (30). They reported that the fibrovascular tissue was
located under the basement membrane of the RPE and the elastic fiber layer of Bruch’s
membrane. The abnormal vessels were lined by a thin endothelium without pericytes.
The vessels were surrounded by massive fibrin material. More recently, Matsuoka et al.
examined a surgically removed PCV and found that the histological appearance of
PCV differed from that of CNV membranes (31). The fibrovascular tissues that
appeared to correspond to the polypoidal lesions seen ophthalmoscopically and in ICG
angiography were observed under the RPE and contained numerous dilated, thin-walled
vessels and massive fibrin-like material (Fig. 3).

MOLECULAR MECHANISMS

Although the molecular mechanisms of PCV are still unknown, a recent investiga-
tion demonstrated that vascular endothelial growth factor (VEGF), a strong stimulus of
angiogenesis, was expressed in the vascular endothelial cells and the RPE of eyes with
PCV (30).

More recently, we investigated the expression of VEGF and pigment epithelial-
derived factor (PEDF), an endogenous inhibitor of angiogenesis, in surgically removed
PCV tissues (31). The specimens of PCV showed strong immunoreactivity for VEGF
in the RPE located above the fibrovascular membrane and also in the endothelial cells
of the numerous abnormal vessels (Fig. 5E,F). In addition, these VEGF-positive cells
also showed strong immunoreactivity for PEDF (Fig. 5G,H). It has been reported that
when subfoveal fibrovascular membranes are active, both VEGF and PEDF are strongly
expressed in the endothelial cells (32). Thus, this case of PCV has the characteristics of
an active subfoveal fibrovascular membrane. These data strongly suggest that PEDF
and VEGF play an important role in the development and/or maintenance of PCV.

THERAPEUTICS

Laser Photocoagulation

The treatment for PCV has not been well established. It is generally recommended
that a conservative approach be taken unless the lesion is associated with persistent or
progressive exudative changes threatening central vision. In these cases, conventional
laser treatment of the leaking polypoidal vascular abnormalities may lead to the resolu-
tion of the serous-hemorrhagic manifestations (10,33,34).

Yuzawa et al. reported that laser photocoagulation of the entire extrafoveal leasion
showed improvement or no change in visual acuity (34). This means that recurrent
serosanguineous detachments are unlikely to occur after the entire lesion is coagulated.
When only the polypoidal lesions were coagulated, the visual outcome was poor.
However, definitive clinical trials to establish the efficacy of laser treatment are needed
to confirm these observations.

Vitrectomy

In some cases, vitrectomy is required to clear the media to recover vision. Shiraga et al.
reported anatomic success following vitrectomy to treat the submacular hemorrhage
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associated with PCV (35). However, the value of submacular surgery has been ques-
tioned because of recurrence and poor visual outcomes (36,37)7 . In addition, the lesion
of PCV is located beneath the RPE, and the removal of the PCV will result in a wide
area of bare RPE. The visual outcome of the patients is poor.

Translocation

Macular translocation is another possible treatment for PCV (30), but most patients
with PCV have relatively large vascular lesions, and translocation is not valuable.

Transpupillary Thermotherapy

Transpupillary thermotherapy (TTT) shows some promise in treating occult
choroidal neovasculatization with serous retinal detachment, but the value of TTT for
PCV is unknown. 

Photodynamic Therapy

Photodynamic therapy (PDT) with verteporfin has been reported to be effective and
safe in patients with subfoveal PCVs (38). However, definitive clinical trials to estab-
lish the efficacy and safety of PDT for PCV are needed to confirm these observations.
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INTRODUCTION

Pathological myopia is synonymous with high myopia and generally refers to a con-
dition in which individuals have greater than 6 to 8 diopters of myopia or an axial
length greater than 26 to 27 mm Pathological myopia is a major cause of legal blind-
ness in many developed countries (2–4), affecting 27 to 33% of all myopic eyes, which
corresponds to a prevalence of 0.2 to 0.4% in the general population of the United
States (4). High myopia is especially common in Asia and the Middle East. In Japan,
the number of cases of myopia is unknown, but pathological or high myopia affects 6
to 18% of the myopic population and approx 1% of the general population (5).

Pathological myopia is associated with progressive and excessive elongation of the eye-
ball, which results in various funduscopic changes within the posterior staphyloma (6,7).7
Among the various myopic fundus lesions, macular choroidal neovascularization (CNV) is
the most common vision-threatening complication of high myopia (8–10). Myopic CNV
causes an abrupt decrease in central vision in highly myopic patients. After absorption of
hemorrhage and transudate, a round or elliptical black lesion in the macula, the so-called
“Fuchs’ spot,” is formed by hyperplasia of the retinal pigment epithelial cells over the sub-
retinal neovascular membrane. Although the pathogenesis of CNV development in highly
myopic eyes is unclear, much attention has recently focused on newly developed active
treatments for myopic CNV, including photodynamic therapy and foveal translocation.
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In this chapter, we describe the overview of myopic CNV, including its etiology,
pathogenesis, fundus features, prognosis, and new treatments.

ETIOLOGY OF MYOPIC CNV

Pathological myopia is the most common cause of CNV in young patients. Cohen
et al. (11) reported that high myopia accounts for 62% of CNV in patients younger
than 50 yr of age. Therefore, there are social and economic consequences of CNV.
Among the general population, Vongphanit et al. (12) reported the prevalence of
myopic retinopathy among 3654 residents aged 49 yr or older who participated in
the Blue Mountains Eye Study; myopic retinopathy was observed in 1.2% of the
participants, and Fuchs’ spot was observed in 0.1%. Curtin and Karlin (13) reported
that CNV affects 5.2% of eyes whose axial length is greater than 26.5 mm, and
Grossniklaus and Green (14) reported that CNV was histopathologically observed in
5.2% of 308 myopic eyes. 

These lesions frequently affect both eyes. The length of the follow-up period, however,
alters the reported frequency of bilaterality. The reported incidence of binocular Fuchs’
spots varies with reports: 12% (15), 18% (13), and 41% (9). Involvement of the fellow
eye may occur within a matter of days or years. Fried and coworkers (9) reported an
average interval of 2.4 yr between the formation of these lesions, with a maximum of 8
yr. Ohno-Matsui et al. (16)6 followed 46 eyes with preexisting unilateral myopic CNV for
an average of 130.2 mo. During the follow-up period, CNV occurred in 16 of 46 fellow
eyes (34.8%) within 91.7 ± 52.4 mo after the onset of myopic CNV in the first eye.

Most study populations of CNV indicate a predominance of females: 2:1 (9,13) and
3:2 (8,15). Regarding the female predominance of myopic CNV, Kobayashi et al. (17)7 .
reported the expression of estrogen receptors in surgically excised CNV in highly
myopic eyes, and suggested that estrogen has important functions in the formation of
myopic CNV. The influence of female sex on CNV in myopia remains uncertain, how-
ever, because myopic retinopathies other than myopic CNV are also predominant in
women. Vongphanit et al. (12) determined the prevalence of myopic retinopathy in
3654 participants who were 49 yr or older in the Blue Mountains Eye Study. Myopic
retinopathy was observed in 1.4% of women and 1.0% in men. All types of myopic
retinopathy were more commonly observed in women than in men: posterior staphy-
loma 17:9, lacquer cracks 7:1, Fuchs’ spot 2:1, and chorioretinal atrophy 4:3.

PATHOGENESIS

Although the condition is fairly common, the pathogenesis of CNV in high myopia
is not well understood. Breaks in Bruch’s membrane (lacquer cracks) are frequently
observed in the vicinity of myopic CNV. Avila et al. (8) reported that 82% of the eyes
with myopic CNV had lacquer cracks. Ohno-Matsui et al. (16)6 determined the predis-
posing findings of CNV in a large series of highly myopic patients. CNV developed in
29.4% of eyes with lacquer cracks during the follow-up period. These studies indicate
that breaks in Bruch’s membrane are strongly associated with the development of CNV
in myopic patients, as in patients with angioid streaks or choroidal rupture (18). Also,
activation of retinal pigment epithelial cells by mechanical stretching might be involved
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in the pathogenesis of myopic CNV. Seko et al. (19) reported increased production of
vascular endothelial growth factor induced by pulsatile stretching in retinal pigment
epithelial cells. Increased production of angiogenic factors induced by mechanical
stretching, in addition to mechanical breaks in Bruch’s membrane, might lead to the
development of CNV in myopic patients.

Data regarding the ocular abnormalities associated with the development of CNV are
conflicting. Spitznas et al. (20) reported a proportional risk of CNV with increasing
myopia both below and above –6 D. Hotchkiss and Fine (15), however, reported no cor-
relation between axial length or staphyloma and CNV. On the other hand, Steidl et al.
(7)7 reported an increased risk of CNV in eyes with smaller staphyloma. Eyes with the
shallowest staphyloma depth displayed the greatest frequency of CNV. Steidl et al. (7)7
hypothesized that the eyes with a shallow staphyloma might have a healthier and more
metabolically active posterior pole with well-perfused chorioretinal tissue and good
capacity to respond to injury by neovascular ingrowth. They suggest that the develop-
ment of CNV might require preservation of the choriocapillaris, as in eyes with less
advanced stages of posterior staphyloma formation.

Circulatory abnormalities occur in various ophthalmic neovascular conditions,
including age-related maculopathy (21). Dimitrova et al. (22) measured retrobulbar cir-
culation in the affected and fellow eyes of patients with unilateral myopic CNV, and
reported an increased resistivity index in the posterior ciliary artery of the affected eye,
suggesting that increased peripheral vascular resistivity is associated with angiogenesis
in pathological myopia. Indocyanine green (ICG) angiography reveals that choroidal
vascular abnormalities are also observed in highly myopic eyes. Ohno-Matsui et al.
(23) reported that in 25% of highly myopic eyes, the vortex vein near the macula or
optic nervehead and choroidal veins draining to the posteriorly dislocated vortex vein
were dilated and stagnated. These kinds of choroidal circulatory changes might influ-
ence the development of CNV in myopic eyes.

DIAGNOSIS (FUNDUS CHARACTERISTICS)

The onset of transudation or hemorrhage from myopic CNV is often associated with
sudden metamorphopsia and central vision decrease. In ophthalmoscopic examination,
subretinal hemorrhage, observed as a “rim” of subretinal blood around the neovascular
membrane, is frequently observed with fresh lesions (Fig. 1). In myopic CNV, the neovas-
cular membrane is usually not covered by blood. Ophthalmoscopic examination reveals a
grayish fibrous membrane within the area of subretinal blood in most cases. Small areas of
CNV, however, are sometimes missed by ophthalmoscopic examination alone (Fig. 2). In
that case, fluorescein fundus angiography is a powerful tool to identify the small neovas-
cular membrane. Almost all myopic CNV shows classic signs of CNV on fluorescein
angiography. Fluorescein angiography demonstrates CNV as clear hyperfluorescence of
the neovascular net in the early angiographic phase and staining or dye leakage in the late
angiographic phase (Fig. 3). Sometimes a dark rim is observed around the CNV (Fig. 4).
Fluorescein angiography is always recommended, however, when highly myopic patients
complain of a sudden decrease in central vision or metamorphopsia. Although ICG angiog-
raphy is also a powerful tool to demonstrate CNV, myopic CNV is not identified as hyper-
fluorescence by ICG angiography in many cases, partly owing to the low activity of the
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neovascular membrane. Sometimes the intensity of myopic CNV in ICG angiography is
similar to that of the choroidal background, and the CNV is detectable only because of the
presence of the surrounding hypofluorescent rim (Fig. 5) (24).

After absorption of the hemorrhage, round or elliptical black lesions occur in the
macular area (Fuchs’ spots) (Fig. 6). They are usually slightly elevated, sharply circum-
scribed, and vary in size. Fluorescein angiography findings in this phase include both
blocked fluorescence due to pigmentation and hyperfluorescence due to staining of the
neovascular membrane.
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Fig. 1. Fundus photograph of typical myopic choroidal neovascular membrane at onset. Left
fundus of a 70-yr-old woman. Refractive error is –15.0 D and the axial length is 30.5 mm in the
right eye of the patient. Choroidal neovascular membrane (arrow) is recognized within the area
of subretinal bleeding. See color version on companion CD.

Fig. 2. Right fundus of a 52-yr-old woman. Refractive error is –16.0 D and axial length is
28.1 mm in the right eye of the patient. (A) Fundus photograph shows small subretinal bleeding
below the fovea. Choroidal neovascular membrane is not obvious. (B) Fluorescein fundus
angiogram shows clear hyperfluorescence due to choroidal neovascular membrane. See color
version on companion CD.



Optical coherence tomography (OCT) is a diagnostic imaging technique that pro-
duces cross-sectional images of the eye in a manner similar to ultrasound. OCT is a
powerful tool for the identification of CNV and accompanying retinal edema. Baba
et al. (25) reported OCT findings of myopic CNV, and demonstrated the effectiveness
of OCT in evaluating the stage and activity of myopic CNV. OCT is also useful for
detecting the effectiveness of therapy against CNV by examining the area decrease of
CNV and the decrease in accompanying retinal edema.

DISEASE COURSE AND PROGNOSIS; NATURAL COURSE 
OF MYOPIC CNV

The natural history of CNV in high myopia is variable, and reports are somewhat
conflicting. Some report a favorable prognosis for myopic CNV. Fried et al. (9) reported
that in approx 63% of 55 eyes with myopic CNV, visual acuity was stabilized or
improved without treatment within 36 to 180 mo after onset. Avila et al. (8) reported
that in 96% of 70 eyes with myopic CNV, the CNV remained stable or regressed for an
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Fig. 3. Right fundus of a 59-yr-old woman. Refractive error is –11.5 D and the axial length
is 25.5 mm in the right eye of the patient. (A) Fundus photograph shows a choroidal neovascular
membrane surrounded by small area of subretinal bleeding. (B) The early phase of the fluo-
rescein fundus angiogram shows a clear neovascular net within the choroidal neovascular mem-
brane. (C) The late phase of fluorescein fundus angiogram shows tissue staining and slight dye
leakage from the neovascular membrane. See color version on companion CD.



average of 40.9 mo, leaving an atrophic, nonexudative scar. Visual acuity remained sta-
ble or improved in 54% of the eyes. Others, however, report a poor prognosis. Hotchkiss
and Fine (15) reported a series of 23 patients with myopic CNV observed for a mean of
26 mo and demonstrated that the final visual acuity was 20/200 or worse in 44%; how-
ever, 22% of the patients were treated with laser photocoagulation. Hampton et al. (10)
observed 42 eyes with myopic CNV for 3 mo to 2 yr; the final visual acuity was 20/200
or worse in 60%.

Our clinical impression is that younger patients seem to maintain good vision com-
pared with older patients. Tabandeh et al. (26)6 examined 22 patients older than 50 yr
old with myopic CNV and reported that their visual prognosis was worse than that
reported in previous studies that included patients of all ages. Yoshida et al. (27)7 exam-
ined 63 consecutive patients (73 eyes) with myopic CNV. They divided patients into
two groups according to their ages (≤40 and >40 yr old) and followed them for more
than 3 yr. Half the patients who were 40 yr old or less at onset retained a final visual
acuity better than 20/40, and there was no significant change in the logarithm of the
minimum angle of resolution (logMAR) during the follow-up period. On the other
hand, logMAR worsened significantly during the follow-up in patients who were more
than 40 yr old at onset of CNV, and more than half the patients in this group had a final
visual acuity of less than 20/200. To further clarify the visual prognosis over a longer
period, Yoshida et al. (28) next reviewed the medical records of 25 consecutive patients
(27 eyes) with myopic CNV who were followed for at least 10 yr after the onset of
CNV. The results indicated that at 3 yr after the onset of CNV, 55.5% retained a visual
acuity of better than 20/200; however, at 5 and 10 yr after the onset, visual acuity
dropped to 20/200 or less in 88.9 and 96.3% of the eyes, respectively (Fig. 7).
Chorioretinal atrophy developed around the regressed CNV in 96.3% of eyes at 5 and
10 yr after the onset of CNV (Fig. 8). These studies indicated that if the patients are
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Fig. 4. Left fundus of a 43-yr-old woman. Refractive error is –11.0 D and the axial length is
27.3 mm in the left eye of the patient. (A) Fundus photograph shows a small pigmented
fibrovascular membrane below the macula (arrow). Several whitish lesions of patchy chori-
oretinal atrophy are observed around the macula. (B) Fluorescein fundus angiogram shows
hypofluorescent dark rim around the choroidal neovascular membrane (arrow). See color
version on companion CD.



young at the time of the onset of CNV, they might be able to retain good vision for a
while. After a long period, however, most patients with myopic CNV eventually have 
a poor visual prognosis regardless of their age at onset, mainly due to an increased area
of chorioretinal atrophy around the regressed CNV. To improve the long-term visual
prognosis of myopic CNV, therefore, treatments that can also prevent the development
of chorioretinal atrophy are necessary.

The mechanism underlying the later development of chorioretinal atrophy around
myopic CNV is unclear, although this phenomenon seems characteristic of CNV caused
by pathological myopia. Kojima et al. (29) examined factors affecting the development
of chorioretinal atrophy in a large series of highly myopic patients using multivariate
analysis. Multiple linear regression analysis revealed that patient age was the most
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Fig. 5. Left fundus of a 63-yr-old woman. Refractive error is –9.0 D and the axial length is
28.7 mm in the left eye of the patient. (A) Left fundus shows a grayish fibrovascular membrane
with small subretinal bleeding in the macula. (B) Fluorescein fundus angiogram shows hyper-
fluorescence at the corresponding site of choroidal neovascular membrane. (C) Early-phase
indocyanine green (ICG) angiogram shows a hypofluorescent dark rim around the neovascular
membrane (arrow). Dilated choroidal vein is observed in the vicinity of the neovascular mem-
brane. (D) Late-phase ICG angiogram shows a choroidal neovascular membrane with similar
intensity to surrounding choroidal tissue. A hyperfluorescent dark rim is observed around the
neovascular membrane during the entire angiographic phase. See color version on companion CD.



influential factor in the development of chorioretinal atrophy in all subjects. When the
authors divided the subjects into two groups according to their age, however, CNV size
was the only factor that influenced the development of chorioretinal atrophy in patients
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Fig. 6. Left fundus of a 46-yr-old woman. Refractive error is –12.5 D and the axial length is
30.0 mm in the left eye of the patient. Elliptical black lesion (so-called “Fuchs’ spot”) is observed
in the macula. See color version on companion CD.

Fig. 7. Shift in the distribution of Snellen visual acuity in eyes with myopic choroidal neo-
vascularization during the 10-yr follow-up period. (Reprinted with permission from ref. 28.)



younger than 40 yr, whereas age was still the only influencing factor in those older than
40 yr. This means that local factors, such as CNV size, determine the tendency to
develop chorioretinal atrophy in young patients, whereas systemic factors, such as
patient age, have a greater role in older subjects.

TREATMENT

Laser Photocoagulation

Patients with pathological myopia treated with laser photocoagulation can have a
remarkable increase in the size of the area of chorioretinal atrophy over time (30). This
has led us to question the effectiveness of laser photocoagulation in patients with patho-
logical myopia. In a retrospective study, Secretan et al. (31) examined eyes with patho-
logical myopia and CNV. Of 50 eyes treated with laser photocoagulation and 50
untreated eyes, at 2 yr the treated eyes seemed to improve more than the untreated eyes.
After 5 yr of follow-up, however, treatment improved only in eyes with an initial acuity
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Fig. 8. Progression of chorioretinal atrophy in the left eye of a 56-yr-old woman with myopic
choroidal neovascularization. Refractive error is –14.5 D and the axial length is 28.0 mm in the
left eye of the patient. (A) Fundus photograph just after the onset of macular hemorrhage asso-
ciated with choroidal neovascularization (arrow). Visual acuity was 20/60. (B) Fundus photo-
graph of the same patient 4 yr after onset. Visual acuity decreased to 20/200. (C) Fundus
photograph 10 yr after onset. Visual acuity was 20/200. See color version on companion CD.



of 20/40 or better. Ruiz-Moreno et al. (32) retrospectively analyzed 23 eyes with
myopic CNV treated with laser photocoagulation. The results indicated that laser pho-
tocoagulation can improve visual acuity for between 2 and 24 mo. The improvement
fades with time, and is no longer significant after the third year. Jalkh et al. (33) per-
formed photocoagulation in 19 eyes with myopic CNV. All but two eyes had sponta-
neous progressive enlargement of the atrophic photocoagulation scar, which worsened
visual acuity in 13 eyes (68%). Brancato et al. (30) performed a prospective study of 36
eyes affected by myopic CNV successfully treated by lasers. Scar expansion was noted
in 97%. These studies indicate that although laser photocoagulation might cause occlu-
sion of CNV and temporarily improve vision, it eventually causes prominent enlarge-
ment of the atrophic photocoagulation scar, which might result in worsening of the
long-term visual prognosis. Of interest is that laser treatment itself might cause lacquer
cracks in some patients with pathological myopia (34).

Surgical Removal of Myopic CNV

Another therapeutic alternative is surgery to extract the area of CNV. Uemura et al.
(35) retrospectively reviewed the medical records of 23 patients with high myopia who
underwent vitrectomy with surgical removal of subfoveal CNV. The visual acuity
improved by two or more Snellen lines in 39%, decreased in 35%, and remained
unchanged in 26%, after a mean follow-up period of 24 mo. They suggest that surgical
removal of CNV provides visual benefits in selected cases. Bottoni et al. (36)6 performed
surgical removal of myopic CNV in 65 patients. Mean follow-up period was 16 mo.
Mean postoperative visual acuity (0.18) was significantly better than mean preoperative
visual acuity (0.09). On the other hand, Thomas et al. (37)7 reported that after a mean
follow-up period of 7 mo, the final visual acuity in 10 patients with high myopia that
was treated surgically was less than 20/70 in all cases and the mean change in visual
acuity was a decrease by one ETDRS line. 

Marked atrophic scar expansion is a major postoperative complication causing visual
decrease in eyes treated with surgical removal of CNV (36,37).7 Surgical extraction of
CNV seems to cause mechanical damage to the retinal pigment epithelium (RPE) and
choroid, and might induce atrophy of the RPE and choroid. Because of marked expansion
of the atrophic scar after surgery, subretinal surgery is currently not an attractive option.

Foveal Translocation

Macular translocation is an innovative procedure first reported by Machemer and
Steinhorst (39). Unlike surgical removal, the new foveal location after macular translo-
cation is in front of a healthier RPE at some distance from the choroidal atrophy or lac-
quer cracks. There are two translocation methods: limited macular translocation and
translocation with a peripheral 360 retinotomy. Ichibe et al. (40) reviewed 10 eyes
with myopic CNV treated with limited macular translocation (follow-up period ≥ 6 mo).
Postoperatively, visual acuity improved more than three lines in logMAR measurement
in all eyes. Fujii et al. (41) conducted a retrospective study of 11 eyes with myopic
CNV treated by limited macular translocation. Visual acuity improvement of two lines
or more was obtained in 36.4% during the 6- to 10-mo follow-up period. Glacet-Bernard
et al. (42) reported the results of limited macular translocation in nine eyes with myopic
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CNV. In six eyes (67%), there was an improvement of six lines or more during a mean
follow-up period of 10 mo.

These two surgical approaches for foveal translocation have both advantages and dis-
advantages. A scleral imbrication has the advantage of being less invasive, because it does
not require a large retinotomy. There are several problems, however. One problem is that
the amount of foveal movement is difficult to control and is usually less than that obtained
by translocation with peripheral retinotomy. If the translocated distance is too short, even
if the myopic CNV itself is distant from the macula, the later expansion of an atrophic
scar around the area of CNV or the recurrence of CNV might again involve the fovea.

Fujikado et al. (43) compared the visual outcome after foveal translocation by scleral
shortening and that after 360° retinotomy in a patient with bilateral myopic neovas-
cular maculopathy. Although postoperative visual acuity in both eyes was not different,
there was improved reading ability in the eye that received peripheral retinotomy,
because a larger retinal sensitive area was produced. Tano (44) performed macular
translocation with a 360° retinotomy in 28 eyes with myopic CNV. The final visual
acuity improved two lines or more in 64% of eyes, was unchanged in 14%, and
decreased in 21% during the follow-up period of at least 6 mo. 

In foveal translocation with peripheral retinotomy, the shift of the fovea is much greater,
with vision ultimately being less affected in cases of CNV recurrence or later expansion of
chorioretinal atrophy around the CNV. Tano (44) reported that postoperative retinal detach-
ment, including proliferative vitreoretinopathy, developed in 29% of eyes following
translocation with peripheral retinotomy. Therefore, the long-term results of these new sur-
gical treatments regarding visual outcome as well as postoperative complications must be
assessed before the true effectiveness of this treatment can be determined.

Photodynamic Therapy

Photodynamic therapy (PDT) is a relatively new treatment modality based on the use
of light-sensitive drugs called photosensitizers; activation of photosensitizers by an
appropriate-wavelength laser initiates multiple photochemical reactions culminating in
vessel occlusion of the target tissue. Preliminary results of PDT on myopic CNV were
first reported by Sickenberg et al. (45). Ten myopic eyes with subfoveal CNV were
enrolled. The follow-up period ranged from 12 to 43 wk. PDT with verteporfin caused
short-term (1–4 wk) cessation of fluorescein leakage from myopic CNV without damage
to retinal blood vessels. Improvement of best-corrected visual acuity of two lines or more
was obtained in 50% of eyes. Based on their investigation, a randomized clinical trial,
called the Verteporfin in Photodynamic Therapy (VIP) Trial, was initiated in Europe and
North America. Patients with myopic CNV with a greatest linear dimension of no more
than 5400 μm and best-corrected visual acuity of approx 20/100 or better were enrolled
in the study (N = 120). The first report from the VIP Trial (46)6 describes the effects of
verteporfin therapy compared with placebo therapy on all study visits through the 12-mo
examination. At the 12-mo examination, 72% of the verteporfin-treated patients, compared
with 44% of the placebo-treated patients, lost fewer than 8 letters (p(( < 0.01), including
32% (verteporfin-treated) vs 15% (placebo-treated) improving at least 5 letters. Recently,
2-yr results of PDT on myopic CNV were also reported from the same group (45). At the
24-mo examination, 36% of verteporfin-treated patients, compared with 51% of the
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placebo-treated patients, lost at least 8 letters (p(( = 0.11). Improvement of visual acuity by
at least 5 letters was obtained in 40% of the verteporfin-treated cases vs 13% of the
placebo-treated cases and by at least 15 letters in 12% of verteporfin-treated cases vs 0%
placebo-treated cases. They suggested that PDT with verteporfin can safely increase the
chance of stabilizing or improving vision in patients with myopic CNV compared with
placebo, although the primary outcome (visual acuity) was not significantly improved by
verteporfin therapy at 2 yr as it had been at 1 yr following treatment.

The selection of eligible patients for PDT treatments might improve the effectiveness of
this treatment. Montero and Ruiz-Moreno (48(( ) performed PDT with verteporfin on 32 con-
secutive patients (33 eyes) with myopic CNV. The follow-up period was 1 yr. Patients who
completed the follow-up study were divided into two groups according to their age: 55 yr
old or less and more than 55 yr old. PDT was more effective for patients under 56 yr of age. 

Histological studies, however, suggest that the PDT-induced occlusion might be tem-
porary. Scupola et al. (49) reported histological findings of surgically excised myopic
CNV after PDT. They did not find thrombus formation inside the vascular lumina in
CNV, and suggested that PDT-induced occlusion might be temporary, and blood vessel
regrowth or recanalization is possible. Therefore, whether PDT can lead to permanent
occlusion of myopic CNV and maintain vision in treated eyes over the long term
remains to be assessed. Also, it is necessary to determine whether PDT can prevent the
later development of chorioretinal atrophy around the area of CNV, which is a major
cause of long-term visual decrease in eyes with myopic CNV. Recently, favorable
results of combination therapy of PDT and pharmaceutical treatments were reported
for CNV caused by age-related macular degeneration (50,51). These kinds of combina-
tion therapies are also expected to be useful for myopic CNV. 

Pharmacological Approaches

Recently, various investigators have aggressively sought a pharmacological antian-
giogenic treatment for CNV. Angiogenic factors, such as vascular endothelial growth
factor (VEGF), are the major targets. Several approaches to neutralize VEGF are being
explored, such as antisense oligonucleotides or anti-VEGF aptamers, which are now in
phase 2 trials (51). A newly described potent antiangiogenic factor, pigment-epithelium-
derived factor (PEDF), might be another target to treat myopic CNV. Subretinal or
intravitreous injection, or even periocular injection of a viral vector encoding PEDF,
effectively inhibits CNV in animal models (52,53).

Corticosteroid therapy is an effective treatment for CNV. Intravitreous triamcinolone
acetonide injection is effective for the treatment of CNV (54). Recently, subtenon injec-
tion was also tried. Our clinical impression is that subtenon injection of triamcinolone
acetate is effective, especially for myopic CNV with prominent retinal edema.
Nonsteroidal antiinflammatory drugs might be used to avoid the possible side effects of
steroids. Takahashi et al. (55) reported that topical nepafenac (a potent cyclooxygenase
inhibitor) significantly inhibited CNV in a mouse model. The effectiveness of anecor-
tave acetate, which suppresses blood vessel growth by inhibiting the proteases required
for vascular endothelial cell migration, has also been reported for CNV in age-related
macular degeneration (56). Most of these pharmacological approaches are ongoing;
however, these might be useful approaches for myopic CNV in the future.
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CONCLUSIONS

Myopic CNV is a major cause of CNV in young patients and is therefore an impor-
tant problem socioeconomically. Myopic CNV has a characteristic natural course:
chorioretinal atrophy develops and spreads after regression of CNV. Because of the
spread of chorioretinal atrophy, vision decreases gradually and progressively over the
long term. Various new active treatments have been tried for myopic CNV to improve
its poor prognosis. Whether these new treatments can prevent secondary enlargement
of chorioretinal atrophy as well and improve or maintain vision over the long term
must be assessed before judging the true effectiveness of these treatments. It is expected
that the pathogenic mechanism of myopic CNV will be clarified and effective treat-
ments will be established in the near future.
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UNDERSTANDING RETINAL VESSEL FORMATION

As an introduction, we restate briefly several major themes of retinal vasculariza-
tion. All have been reviewed previously. Some are common to the formation of vessels
in any tissue; others are unique to the eye.

The Choroid Rules

From a survey of adult vertebrate eyes, Michaelson concluded that:

the vascularisation of the inner eye may be affected by two influences: the choroid’s
capacity to nourish the retina and the activity in the retina of a factor which affects retinal
growth. The former influence is presumably the primary, prepotent one (1).

Michaelson noted that the choroidal circulation is a constant feature in the nutrition of
the vertebrate eye, whereas the retinal circulation is more variable, being found in only of
a subset of the mammals, in which it develops much later in ontogeny (1). His suggestion
that the development of the retinal circulation depends on the ability of the choroidal cir-
culation to supply the nutritional requirements of the retina gained support from Chase’s
(2) survey of the thickness of mammalian retinas. In species lacking a retinal circulation
(rabbit, guinea pig, horse), the retina was thin (<150 μm); in those in which a retinal circu-
lation formed (humans, rats, cats, dogs), the retina was thicker (up to threefold) (2).
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These observations suggested that retinal circulation evolved to allow the retina to be
thicker than the choroid could supply. The advantage of thickness was presumably an
increase in the number of inner retinal neurons available to code the light-induced signals
generated by the photoreceptors. Certainly, the mammalian species with the highest spa-
tial and color resolution (the primates) all have vascularized, thick retinas. In foveate
birds, in which retinal performance may be even greater than in the primates, the retina is
also thick and the inner retina is nourished by the pecten specialization, via the choroid.

It is argued below that the powerful influence of the choroid on the development and
adult structure of the retinal vasculature also drives several retinal diseases, including
retinopathy of prematurity, retinopathy of detachment, and retinitis pigmentosa.

Regulation of Retinal Vessel Formation Is Local, Controlled by a “Factor”

This principle of vessel formation was first formulated for the retinal circulation by
Michaelson (1,3), and is still most clearly defined for this circulation. Influenced by the
micro architecture of retinal vessels, particularly the capillary-free zones along arteries,
Michaelson suggested that

the … development of retinal vessels … indicates the probable presence of a factor or fac-
tors in the retina which affect the growth of vessels … (and) … is present in a gradient …
such that it differs in arterial and venous neighbourhoods … (and) determines the ultimate
extent as well as the initiation of capillary growth.

The most specific identification of a factor that controls the growth of retinal capil-
laries came from a series of studies, reviewed by Stone and Maslim (4), which showed
that vascular endothelial growth factor (VEGF) is expressed by a variety of retinal
cells, especially the macroglia (astrocytes and Müller cells), in temporal and spatial
patterns that indicate that it is important for the induction of vessel formation in the
retina (Fig. 1). Further, the vasoformative action of VEGF in the retina is regulated by
tissue oxygen levels, providing an understanding of how retinal metabolism, and more
specifically the ability or inability of the choroidal circulation to support that metabo-
lism, controls the retinal circulation.

Photoreceptor Metabolism Controls Vascularization of Inner Retina

Evidence of the importance of retinal metabolism in the formation of retinal vessels
came from several sources. In a still-unique series of experiments, Graymore (5) showed
that glycolysis in the rat retina (both aerobic and anaerobic) accelerates sharply from low
postnatal to high adult levels, over a few days (postnatal days 12–13). This is the period
in which, in this species, the eyes open, the electroretinogram (ERG) becomes detectable,
and photoreceptors begin to differentiate their inner and outer segments. Graymore went
on to show that the acceleration does not occur if the photoreceptor population is depleted
by a toxin (iodoacetate) or by a genetically driven degeneration (in the RCS rat), showing
that the metabolic acceleration occurs in the photoreceptors (5,6)6 .

The mechanisms linking the onset of photoreceptor metabolism to the formation of
the retinal circulation were elucidated much more slowly and painfully. One major line
of evidence emerged from the analysis of the blinding disease retrolental fibroplasia,
which emerged in the 1940s in neonatal clinics and was eventually traced to the use of
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oxygen to relieve respiratory distress in neonates. This analysis, in which Ashton and
colleagues in the United Kingdom and Patz and colleagues in the United States played
major roles, has been reviewed many times (4,7–9). Four “principles” of retinal angio-
genesis emerge from the analysis.

1. Dominance of the choroid: Formation of the retinal circulation is regulated by the
ability/inability of oxygen flowing from the choroid. Increases in the availability of
choroidal oxygen inhibit, and decreases stimulate, vessel formation.

2. Photoreceptor metabolism triggers retinal angiogenesis: Photoreceptor metabolism is a
major sink for choroidal oxygen. When that metabolism begins (quite suddenly, as
Graymore showed), the inner retina becomes hypoxic, and that hypoxia (dubbed “physio-
logical hypoxia” [10]) is the major stimulus for the genesis of the vessels of the retinal 
circulation.

3. Early plasticity: As they form, retinal vessels are highly plastic. The formation of these
vessels can be completely prevented if, for example, higher than normal levels of oxygen
flow from the choroid into the retina, and eliminate the episode of physiological hypoxia
normally induced by the onset of retinal metabolism. Further, for some period, the vessels
remain plastic and can be totally obliterated by an episode of hyperoxia.

4. Late stability: In adults, by contrast, capillary beds are much more stable in the face of
hyperoxia. They constrict in high oxygen but are much slower to retract.

Retinal Blood Vessel Formation and Stability 103

Fig. 1. Montage of a wholemount of a human fetal retina at 18 wk gestation, showing vascular
endothelial growth factor (VEGF) mRNA expression associated with the formation of retinal ves-
sels. The large arrow indicates the direction of growth; vascularized retina is to the right (showing
the outlines of some blood cells, indicated), avascular retina to the left. The dark patches show the
sites of expression of VEGF mRNA (asterisks). Note that VEGF mRNA is expressed at the tips of
the vessels as they form, as well as in the retina immediately ahead of the vessels, consistent with
the distribution of astrocytes. See color version on companion CD.



Mechanisms of Oxygen Supply to Retina Are Also Mechanisms of Disease
RETINOPATHY OF PREMATURITY

Ashton (7)7 , reviewing the role of oxygen in the development of retinal vessels,
commented that “many of the pathological responses of the retinal vessels are not separate
morbid processes, but exaggerations of normal behaviour.” Essentially, he was suggesting
that retinopathy of prematurity (at least in the “first epidemic” that he analyzed) results
from the operation of the normal mechanisms of retinal vessel formation, after they are
perturbed by an episode of hyperoxia. We now know (10–12) that the normal formation of
retinal vessels is regulated by oxygen levels in the developing retina. The onset of a
photoreceptor metabolism reduces oxygen entering the retina from the choroid (because a
strong oxygen sink develops at the inner segments). The retina experiences a period of
“physiological hypoxia” that induces the formation of retinal vessels (10). The oxygen
brought by these vessels limits the period of physiological hypoxia, and downregulates the
activity or expression of oxygen-inducible factors (hypoxia-inducible factor [HIF]-1,
VEGF) that mediate vessel formation. Enriching the oxygen breathed by neonates can save
them from death and brain damage from respiratory distress; but it can also eliminate the
episode of physiological hypoxia in the retina, without which retinal vessels will not form.

The analysis of retinopathy of prematurity highlighted two additional features of
normal vessel formation. First, retinal vessels normally form in excess, and are somehow
pruned back to a more sparse, adult pattern (Fig. 2). Key to this process is the ability of
vessels to completely regress under the impact of high oxygen levels (7)7 . This oxygen-
induced obliteration generates the capillary-free zones that form along arteries (above)
and expand or contract with the level of oxygen available.

Second, this early plasticity of retinal vessels is transient. The end of the plasticity
occurs in rats at about P30 (below), and is mediated by factors (platelet-derived growth
factor [PDGF]-β, VEGF) released by pericytes, which extend over the retinal vessels at
this age (13). Thereafter, retinal vessels are more stable, constricting but resisting oblit-
eration when exposed to high tissue oxygen levels. Retinal vessels in other species,
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Fig. 2. Wholemounts of rat retina at P6 (A) and in adult (B) labeled with Griffonia simplicifoliaff
lectin. (A) a dense capillary network is shown, flanked by an artery (a) and a vein (v). There are
more capillary bed connections to the vein than the artery, although the capillary bed adjacent to
the artery is quite dense. (B) An artery (a) in adult retina showing substantial remodeling of the
vascular bed. See color version on companion CD.



such as the human, are known to be plastic in the young and more stable in the adult,
but studies defining the age of transition, and giving evidence of the mechanism
involved, have been reported only for the rat.

Retinopathy of prematurity highlights one rigidity of the retinal circulation. The choroidal
circulation does not appear able to sense or respond to hypoxia of the retina, presumably
because its capillaries do not lie in the retina, but supply oxygen to the retina by diffusion
from a distance (across Bruch’s membrane and the retinal pigment epithelium [RPE]) (9).

Finally, two mechanisms come into play in the pathogenesis of retinopathy of pre-
maturity that are not physiological, although they do highlight physiological mecha-
nisms. One such mechanism is that retinal hypoxia (which occurs when the
oxygen-exposed infant is returned to room air with the retina depleted of vessels) causes
the death of retinal astrocytes (14). Astrocytes express the principal factor regulating
retinal angiogenesis (VEGF), are the normal template for vessel formation (below),
induce barrier properties in vessels as they form (15,16)6 , and are an important element
of the glia limitans of the retina (the inner limiting membrane) and its vessels (17)7 ,
which constrains vessel growth (18). In the absence of astrocytes, VEGF expression is
upregulated in neurons, particularly retinal ganglion cells (12,19,20). The vessels
induced to form are leaky, abnormal in morphology, and lacking the constraint of the
inner limiting membrane, grow into the vitreous humor (12).
RETINOPATHY OF DETACHMENT

Detachment of the retina typically occurs between the neural retina and the RPE.
This separates the photoreceptors from the source of their nutrition (the choriocapil-
laris). A retinopathy results, which has been termed retinopathy of detachment (21,22).
This retinopathy comprises two major pathologies: the death of photoreceptors and
gliosis of the retina, caused by the hypertrophy and proliferation of retinal neuroglia.
Both contribute to a loss of retinal function, which can vary from minor to complete.

The death of photoreceptors and the gliosis caused by detachment are both mitigated
by increasing the partial pressure of oxygen in the blood, by the inhalation of oxygen-
enriched air (21,22). Clinically, hyperoxia should be useful in reducing retinal damage
until the retina is reattached. Analytically, the effectiveness of oxygen in mitigating
both pathologies suggests that the detached retina becomes hypoxic, as predicted by
models of oxygen supply to and consumption by the retina (23). These models assume
that the choroidal circulation cannot respond to the hypoxia that results from retinal
detachment, the hypoxia resulting from the longer diffusion path to the detached retina.
Conversely, if arterial pO2 is increased by hyperoxia, the unresponsiveness of the
choroid to oxygen conditions means that oxygen diffusion from the choroid should
increase and mitigate the pathology, as observed empirically. Thus the lack of autoreg-
ulation in the choroid, which shapes the pattern of formation of the retinal circulation,
drives the pathology and allows the treatment of retinopathy of detachment.

RETINITIS PIGMENTOSA

The central pathology of retinitis pigmentosa (RP) is photoreceptor death, often con-
sequent to a mutation in a gene important for photoreceptors. Nevertheless, the late
stages of the disease are thought to result from the failure of the choroidal circulation to
autoregulate, as the photoreceptor population is depleted (the oxygen toxicity hypothesis
of ref. 24). As the oxygen consumption by photoreceptors falls, oxygen levels build up
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in the outer nuclear layer (25,26)6 , and become toxic to photoreceptors (27,28). Further,
the accumulation of oxygen in the retina following photoreceptor degeneration causes
thinning of retinal vessels in human RP (29), and in animal models (30). Again, the fail-
ure of the choroidal circulation to autoregulate has a major effect on a disease phenotype.

ROLES OF MACROGLIA

Both major classes of macroglial cells of the retina (astrocytes and Müller cells) are
of importance in the formation of the retinal vasculature.

Astrocytes
Astrocytes Are Immigrants to the Retina

It is significant that astrocytes are not generated by the neuroepithelium of the
retina. Early surveys showed that astrocytes are found only in a subset of mammals,
those in which the retina becomes vascularized. They are present in the cat, dog, rat,
mouse, ferret, monkey, and human, for example (31–33). This selective entry of astro-
cytes suggests a mechanism evolved to allow a thicker retina, with more complex circuitry
(see “The Choroid Rules”). Astrocytes are now thought to originate from glial lineage-
restricted precursors cells derived from the neural tube (34) that migrate into the retina
during development (35–37)7 .

In all species investigated, in which astrocytes are found in the retina—cat (33,38), ferret
(39), rat (40), mouse (41,42), monkey (43,44), and human (45)—astrocytes (identified by
their expression of glial fibrillary acidic protein [GFAP]) spread from the optic disk to the
edge of the retina. The presence in the retina of astrocyte precursor cells (APCs), cells
committed to becoming astrocytes but not yet GFAP-immunoreactive, has also been sug-
gested. APCs have been isolated by several groups (34), including E17 rat optic nerve
(46)6 . These optic nerve-derived APCs are express vimentin and the glial lineage epitope
A2B5, as well as the paired homeobox gene Pax2, important for normal development of
the urogenital tract, inner ear, CNS, optic nerve, and retina (47)7 . In vitro, optic nerve-
derived APCs respond to serum and to platelet-derived growth factor (PDGF), which is
also thought to play a role in astrocyte migration into the retina (48,49). Both leukemia
inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) are important in promoting
differentiation of optic nerve-derived APCs into mature astrocytes (46). Furthermore,
endothelial cells have been shown to promote maturation of APC into GFAP+ve astro-
cytes via a LIF-dependent mechanism (50). In vivo, Pax2+ve APC have been described in
the human fetal retina, radiating from the optic nerve toward the periphery at 14 wk ges-
tation (when GFAP immunoreactivity in the retina is low), and ahead of GFAP-positive
astrocytes and the developing vessels in older retinas (51). The findings suggest that the
association of differentiated endothelial cells (ECs) with APCs promotes their maturation
into mature, GFAP+ve astrocytes. In addition, it appears that both APCs and mature
astrocytes continue to proliferate in the retina, as they spread toward the retinal edge (52).

Timing of Astrocyte Migration

The timing of astrocyte migration is also critical for the formation of retinal vessels.
In the cat (53) and rat (36)6 they enter the retina as the genesis of retinal neurons is in its
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final stages and retinal function is about to begin. The increase in metabolism associ-
ated with function then induces vessel formation (see Photoreceptor Metabolism
Controls Vascularization of Inner Retina). In the rat, for example, astrocytes enter the
retina from approximately P2, and approach the retinal edge 12 d later. By the time
vessels start to form (P5), astrocytes have spread 1 to 2 mm into the retina and are in
place to detect the hypoxia induced by the acceleration of retinal metabolism, to express
the hypoxia-inducible factor VEGF (40), and to form a template for the new vessels.

Template for Vessel Formation

As they spread, astrocytes create a physical template, on which vessels form. There
are two steps in the formation of the template. Astrocytes enter the retina, and spread
over its surface in a bipolar form, suitable for migration. If they do not encounter
hypoxic conditions (for example, in experimental animals in hyperoxic conditions)
they remain bipolar. When they encounter hypoxia, they become stellate and cease
migration (54). Second, stellate astrocytes interact with each other like epithelial cells.
They space out their somas with considerable regularity, and also maintain contact with
neighboring astrocytes, by intertwining of the tips of their processes (“contact-
spacing”) (16,38). These properties are evident in vivo, and have been demonstrated in
purified primary cultures (16)6 . With classical epithelial cells, flattened and processless,
the result of contact-spacing behavior is an epithelium, a continuous sheet of cells.
With stellate astrocytes, the result is a latticework of cells (Fig. 3). The molecular path-
ways controlling stellation of astrocytes and their contact-spacing behavior are not
fully known, although roles have been proposed (see Timing of Astrocyte Migration)
for hypoxia and contact with EC in the stellation process.

Formation of Innermost Layer of Retinal Vessels

The first retinal vessels to form extend from the hyaloid artery at the optic nerve
head and grow along the inner surface of the retina. They become they innermost layer
of retinal vessels (deeper layers form subsequently in the middle layers of the retina).
The innermost vessels form the extension of filopodia of ECs along the outer surface of
the astrocyte template (40,42). This close apposition of growing endothelial cells allows
astrocytes to control the proliferation of EC and the formation of vessels, by their
expression of the vasoformative factor VEGF, and to induce the formation of the barrier
properties in the ECs of newly formed vessels, by their expression of a still-unidentified
barrier signal (15,55,56)6 . As a consequence of this close relationship, the initial capillary
plexus formed in the retina is shaped by the astrocyte template; all vessels are initially
capillaries, with larger vessels (arteries, veins) forming subsequently, by aggregation or
growth of capillaries. Also as a result of this relationship, retinal vessels have barrier
properties as soon as they are formed.

Astrocytes remain important for the blood-retinal barrier throughout life. Hypoxia in
the retina causes astrocyte degeneration, at least in the cat (14), and the retinal vessels
that lose astrocyte cover become leaky. It is not known whether retinal hypoxia causes
astrocyte degeneration in humans. If it does, then this degeneration is a much-
neglected feature of hypoxic retinal diseases, such as diabetic retinopthy and venous
occlusion.
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Astrocyte Participation in Inner Limiting Membrane

One final property of astrocytes essential for normal formation of retinal vessels is
their participation in the inner glia limitans of the retina, the inner limiting membrane
(ILM). This “membrane” is formed by the inner end feet of Müller cells, interspersed
with astrocytes, all linked by adherent junctions (57)7 . The importance of the ILM for
the retinal vasculature is seen in the severely hypoxic retina. In severe hypoxia, astro-
cytes die (14,18), VEGF is strongly expressed by nearby neurons (12), and vessels
form rapidly without an astrocyte template. The inner limiting membrane is breached
by the death of astrocytes and these rapidly growing vessels invade the vitreous humor
(18) where, lacking astrocyte cover, they do not form the blood–retinal barrier.

Müller Cells as Template for Formation of Deep Vasculature

Astrocytes are confined to the innermost layer of the retina, and are related only to
the innermost retinal vessels. The retinal vasculature extends deep into the retina (typi-
cally to the outer aspect of the inner nuclear layer [INL]), and the glia limitans of the
deeper vessels is formed by Müller cells (57)7 . Developmentally, Müller cells are the
end-stage differentiation of neural progenitor cells in the retina (58,59) and are thus
intrinsic retinal cells. They also differ from astrocytes morphologically: Müller cells
stretch radially across the thickness of the retina, whereas astrocytes are flattened cells
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Fig. 3. A retinal wholemount showing the developing retinal vasculature (green) associated
with the underlying astrocyte template (red). The open arrow indicates the direction of growth;
the double-headed arrow, the GFAP+ve astrocyte template that lies ahead of the developing ves-
sels (labeled with Griffonia simplicifolia). The branched cells (green) distributed throughout the
field are the Griffonia simplicifolia+ve microglia. See color version on companion CD.



restricted to the inner service of the retina. Nevertheless, in their relations to neurons,
vessels and other Müller cells and astrocytes show many similarities (57)7 . One of those
similarities is that during development, Müller cells also form a template for the growth
of retinal vessels. The deeper vessels of the retinal circulation form as buds from the
innermost (astrocyte-related) vessels. In the cat and rat the buds grow radially, follow-
ing the radially oriented processes of Müller cells (40,60) before spreading in plexuses
at the inner and outer aspects of the ILM.

Like astrocytes, Müller cells express VEGF in a spatiotemporal pattern just prior to the
growth of capillaries through the inner plexiform layer, into the inner nuclear layer (rat, 40;
human, Sandercoe and Provis [unpublished], Fig. 4). Studies of monkey retina suggest that
most of the EC proliferation associated with formation of the deeper retinal vessels occurs
in the inner retina, in association with major vessels, rather than at the growing tips of the
newly forming capillaries (Sandercoe and Provis [unpublished], Fig. 5B). From the site of
their generation, ECs presumably migrate outward, and are assembled into vessels.
Why Both?

Astrocytes and Müller cells share the ability to form the glia limitans of vessels and of
the retina (57)7 , and to detect hypoxia and express VEGF (40). Why are both needed for the
formation of the retinal vasculature, so that the evolution of the retinal vasculature required
the preliminary step of a migration of astrocytes into the retina? Stone et al. (40) suggested
that the answer to this questions lies in the distinct morphologies of the two classes of
macroglia. Retinal astrocytes are flattened in morphology, and are confined to the inner-
most layers of the retina. They are well placed to detect hypoxia at the inner surface of the
retina and to induce and guide the spread of vessels from the optic disk across the surface.
Müller cells, in contrast, stretch across all cellular layers of the retina and cannot respond
in a layer-specific way. They can, however, detect hypoxia in deeper layers, even after the
vascularization of the inner surface, and their radial orientation is ideal to guide the out-
ward growth of vessels, to form the deeper layers of the retinal circulation.

In the brain, in comparison, a comparable radial growth of vessels occurs, from the pial
surface, where vessel first appear, toward the ventricular surface. This radial growth is
guided by GFAP+ve astrocytes, which, at this stage of development, are in a radial form
(see Fig. 3, ref. 4). Cerebral astrocytes subsequently divide and change their morphology
to the stellate form most common in the adult. In the retina, this early radial form of
macroglia are called Müller cells, and they retain their radial morphology into adulthood.

THE MOLECULAR BASIS OF HYPOXIA-INDUCED 
BLOOD VESSEL FORMATION

Michaelson’s (1) suggestion that retinal blood vessels form in response to the needs of
retinal metabolism has been extensively confirmed (see The Choroid Rules), and has been
expanded to show that the formation of blood vessels is part of a coordinated tissue response
to hypoxia, which includes an upregulation of glycolysis and erythropoiesis. Much of this
broader response to hypoxia is mediated by the transcription factor HIF-1 (62–64).

Erythropoiesis

The recognition that hypoxia induces an increase in density of red (oxygen-carrying)
cells in the blood goes back to Bert’s report “Sur la richesse en hémoglobine du sang
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des animaux vivant sur les haux lieux” (“On the high haemoglobin content in the blood
of animals living at high altitude”) (65). Evidence that the increase is mediated by a
hormone, now called erythropoietin (EPO), goes back 100 yr (63). Hemorrhage, hemol-
ysis, failure of the bone marrow to produce sufficient red cells, and any factor (such as
high altitude) that reduces arterial pO2 all lead to an increase of EPO levels in the blood.
It was analysis of the regulation of EPO that led to the isolation and characterization of
HIF-1 as its major regulator (62,63). Analysis of regulatory elements in the EPO gene
showed an HIF-1 binding site at the 3′ end of the gene, which is essential for hypoxia-
induced upregulation of EPO.

Glycolysis

A second hallmark response of mammalian tissue to hypoxia is the upregulation of
glycolysis. Recently, evidence has been reported that HIF-1 controls glycolytic activity
by regulation of the enzyme fructose-2,6-biphosphatase (PFK-2), which in turn regu-
lates the key metabolite fructose-2,6-biphosphatase (66)6 . Obach et al. (66)6 described a
hypoxia response element (HRE) in the 5′ flanking region of pfkfb3, one of four genes
(pfkfb1–4(( ) coding for different isoforms of the PKF-2. Further, they showed that this
HRE binds HIF-1 and is essential for hypoxic induction of glycolysis.
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Fig. 4. Vascular endothelial growth factor (VEGF) mRNA expression associated with vascu-
lar development in primate retina. (A) Section through the incipient fovea of a Fd100 macaque
retina. The asterisks and double-headed arrow indicate the thickened part of the retina associ-
ated with the pure cone area, where the fovea will form. Vessels expressing VEGF mRNA (red)
are shown growing toward this area at the ganglion cell/inner plexiform layer interface (the gan-
glion cell layer plexus [GCP]) from both sides. (B) High-magnification view showing the GCP
(from the left in A) in relation to the retinal layers. VEGF mRNA (red) is expressed in astrocytes
with vimentin +ve processes (yellow). (C) Human fetal retina at 18 wk gestation showing VEGF
mRNA expression in Müller cell bodies (MC), within the inner nuclear layer (INL). All sections
are counter-immunolabeled with antibody to vimentin, to label Müller cell and astrocyte
processes (green). GCL, ganglion cell layer; ipl, inner plexiform layer; ONL, outer nuclear
layer; opl, outer plexiform layer. See color version on companion CD.



Vessel Formation

Successive investigators of the detail of the formation of retinal vessels (1,9,68) have
noted the importance of oxygen in the normal development of retinal vessels, suggesting
that hypoxia is a normal stimulus (“physiological” hypoxia) for vessel formation (10).
After the potent vasoformative factor VEGF was shown to be hypoxia-inducible, the role
of VEGF as a hypoxia-inducible angiogenic factor, expressed by a template of astrocytes
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Fig. 5. Confocal microscope images of macaque retina showing different stages in formation of
the perifoveal capillary plexus. (A) The foveal avascular zone at Fd105 showing the vascular
endothelium labeled with antibody to CD31 (red) and GFAP-immunoreactive astrocytes (green).
Neither endothelial cells nor astrocytes enter the foveal avascular zone at any stage of development.
(B) The foveal region at Fd 142, showing CD31 immunorective vessels (green) and Ki67-
immunoreactive, proliferating cells (red) in the inner layer of vessels (the ganglion cell layer plexus
[GCP]). The majority of proliferating epithelial cells (ECs) (yellow) are distributed along the main
vessels (arrows). Because vessels do not form in the GCP at this time it is concluded that the major-
ity of daughter cells move outwards to contribute to the outer plexus, which is forming at this time
(see C). (C) The CD31-immunoreactive inner vascular endothelium (red) at Fd145, also showing
GFAP immunoreactivity in clusters of astrocytes, and in Müller cells within the foveal avascular
zone. Note the absence of astrocytes associated with the free-endings of EC complexes (compared
with A). There is no deep plexus within the region defined by the dotted line at this stage of devel-
opment. (D) The perifoveal capillaries (red) in the retina of a 2-yr-old macaque. The full depth of
the vasculature is shown. Only one layer of vessels is within the region defined by the dotted line.
Note the scarcity of astrocytes (green) in the field. See color version on companion CD.



and Müller cells strategically located in the developing retina, was elucidated (10,40).
The demonstration that hypoxia-inducibility of VEGF results from the regulation of its
expression by HIF-1 came with the definition of hypoxia response elements in the pro-
moter region of the VEGF gene (69,70), containing one or more binding sites for HIF-1.

HIF-1 Regulation and Tissue Oxygen Sensor

The analysis of HIF-1 regulation has given insight into the nature of the cellular
“oxygen sensor.” HIF-1 is a dimeric protein, composed of a HIF-1α subunit and a protein
known as aryl hydrocarbon receptor nuclear translocator (ARNT). ARNT appears to be
insensitive to changes in tissue oxygen, and the mRNAs for HIF-1α and ARNT appear
to be expressed constitutively. Tissue oxygen regulates HIF-1 activity partly by regulat-
ing the ubiquitination and proteosomal breakdown of HIF-1α. This regulation is
effected by the hydroxylation of two conserved proline residues in a region of HIF-1α
called the oxygen-dependent domain (62,63). Hydroxylation and subsequent ubiquiti-
nation of HIF-1α are inhibited by hypoxia, resulting in accumulation of HIF-1α and
upregulation of its activity as a transcription factor. The inhibition occurs because oxy-
gen is the rate-limiting factor for the activity of a family of enzymes, prolyl hydroxy-
lases, which mediate the hydroxylation of the key proline residues in HIF-1α. It has
been suggested (62) that these enzymes are the cellular oxygen sensors, with one of the
family (prolyl hydroxylase 2) of particular importance. A second site of oxygen regula-
tion of HIF-1α lies in C-terminal transactivation domain (CTAD). Hypoxia facilitates
interaction of the HIF-1α CTAD with transcriptional activator proteins, thus upregulat-
ing the activity of HIF-1. This regulation results because tissue oxygen inhibits, and
hypoxia disinhibits, the hydroxylation of a key asparigine residue in the CTAD (62).

MECHANISMS OF FORMATION OF BLOOD VESSELS

Two alternative mechanisms of vascular development have been described: vasculo-
genesis, the formation of vessels in previously avascular tissue by endothelial precursor
cells (EPCs) of mesodermal origin, and angiogenesis, the formation of new vessels by
budding or extension from preexisting vasculature (71,72). The distinction has proved a
useful one. Michaelson’s description of the growth of retinal vessels, for example, sug-
gested an angiogenic mechanism (1,3), whereas later authors (11,60,67,68,73) have
argued that retinal vessels form from a preexisting population of “spindle” or endothelial
precursor cells, which were believed to align and aggregate, forming solid endothelial
cords, which subsequently develop lumens and differentiate into mature vasculature.
Recent analysis of the bone marrow origins of endothelial cells, and of their incorpora-
tion into retinal vessels, however, draws attention away from this distinction.

Origin of Endothelial Cells

Because retinal vessels grow from the hyaloid artery, it was initially thought that
retinal endothelial cells differentiate from primary mesoderm surrounding the hyaloid
artery (74). More recent work suggests, however, that endothelial cells found in the
retina originate more directly from the bone marrow. The marrow is a rich source of
multipotential cells of overlapping lineages (75,76), with subpopulations shown to
form blood vessels in vivo and in vitro (77)7 . Lineage negative (Lin-ve) hematopoietic,
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bone-marrow-derived stem cells (HSCs) give rise to EPCs capable of targeting and
integrating into normal and pathological vasculature (77–80). Lin-ve HSCs, injected
intravitreally, selectively seek out astrocytes and are incorporated into developing reti-
nal vessels, as well as into adult vasculature damaged experimentally or by pathological
degeneration (81,82). Although in other organ systems the mechanisms that facilitate tar-
geting of EPCs to areas of neo- or revascularization are not known, R-cadherin (but not
other members of the cadherin family) has been shown to have a role in targeting Lin-ve
cells to the astrocyte template of the retinal vasculature. Dorrell and colleagues (83) have
shown that approx 80% of Lin-ve cells express R-cadherin, and that blocking R-cadherin
by preincubation of Lin-ve cells with R-cadherin antibodies inhibits the targeting, but not
the survival, of transplanted cells. Involvement of HSCs in experimental models of sub-
retinal choroidal neovascularization (CNV) has also been demonstrated (85). In these
studies bone marrow was obtained from GFP transgenic mice and transplanted into wild-
type mice, followed some time later by induction of CNV by laser treatment. The data
show that GFP-labeled HSCs are incorporated into the newly formed vessels, comprise
up to 50% of that vasculature (85), and include desmin+ve and smooth muscle actin+ve
cells, along with CD31+ve endothelial cells (84).

There may, however, be diverse origins of EC. For example, bone marrow-derived stromal
cells (BMSCs) are nonhematopoietic pluripotent cells that give rise to a variety of mes-
enchymal phenotypes (86)6 , including EC (75). Unlike Lin-ve HSCs, BMSCs are regulated
by fibroblast growth factor (FGF) 2 and less so by VEGF; grown in matrigel, BMSC form
networks in response to FGF2, but not VEGF, and proliferate at double the rate in response
to FGF2 compared with VEGF (76)6 . It has also been reported that although VEGF regu-
lates cell behavior during vessel formation in the avian embryo, VEGF is not required for
the initial differentiation of endothelial cells from mesoderm (87)7 .

Many Roles of VEGF

Formation of vasculature is now understood to involve a range of pro-angiogenic
processes, including EPC differentiation, migration, proliferation, alignment, and tubu-
logenesis. VEGF has key roles in many of these processes. Mutations involving only a
single VEGF allele have been shown to result in major vascular anomalies and lethality
in mouse embryos at embryonic day 11 to 12 (61,88,89). VEGFA, the predominant
form in the developing retina, signals via two tyrosine kinase receptors, VEGFR-1 (flt)((
and VEGFR-2 (flk/KDR), as well as a coreceptor, neuropilin-1 // (90). VEGFR2 is
thought to be the main receptor mediating VEGF signals in ECs, including prolifera-
tion, migration (91), and survival (92,93), whereas neuropilin-1 appears to have a
specific role in retinal arteriolar development (94) and is upregulated in response to
VEGF via VEGFR-2 (95).

VEGF was initially identified as a vascular permeability factor (96)6 , but soon after
was also cited as having key roles in endothelial cell proliferation, migration, and sur-
vival (97–99), i.e., in facilitating angiogenesis. Other studies also indicated that VEGF
was also required for endothelial cell differentiation (61,88), thus suggesting a major
role in vasculogenesis (100). It is now understood that VEGF plays an important role in
several aspects of vessel formation. Furthermore, formation of vascular endothelium
from bone marrow-derived stem cells has, more recently, raised questions concerning
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the value of the distinction between angiogenesis and vasculogenesis, and the term
“postnatal vasculogenesis” has been coined to refer to neovascular formations that
incorporate HSC (77,100). The pivotal role of VEGF in facilitating incorporation of
HSCs into both developing vessels (81,83) and vessels growing pathologically or ther-
apeutically in adult tissues (82–85) further blurs the distinction between angiogenic
and vasculogenic mechanisms.

The effects of expression of low levels of VEGF in the developing central nervous
system (CNS) have been investigated using double-transgenic mice in which one
VEGF-A allele is deleted, specifically in the CNS (101). In these animals, the initial
stages of vascular migration into the retina and extension into the periphery take place,
although the animals show abnormally high vascular plexus density (suggesting anom-
alies in vascular remodeling), aberrantly oriented EC filopodia, and lack of develop-
ment of the outer retinal plexus. Thinning of the retina was correlated with degree of
abnormality in the retinal vasculature (101). The data suggest that although VEGF-A
may not be required for recruitment of EPC into the retina or differentiation of EC in
the optic stalk region, VEGF signaling to some degree mediates all other aspects of
retinal vascular development, including remodeling (101). This latter finding confirms
the earlier suggestion that VEGF signaling via FGFR-2 enhances EC survival by
inhibiting apoptosis (92) and more recently, that EPC survival is VEGF-mediated, via
an autocrine mechanism (102). As well as mediating survival, VEGF is has been shown
in several studies to mobilize EPC from the bone marrow in mice (100) and in humans
(78,103), and to mediate EC extension and protrusion during vessel formation (87)7 and
network formation in nonproliferating populations of EC (104). Taken together, recent
findings suggest that vascular development in the retina is highly, but probably not
exclusively, VEGF-dependent. 

A RETINAL SPECIALTY: DEFINING AVASCULAR AREAS

The vertebrate central nervous system is a richly vascularized tissue, reflecting its
high metabolic activity. The retina is the only part of the CNS that lacks vessels, in
whole or part. The exclusion of vessels from the vertebrate retina has the advantage
that vessels do not form in the optical path; it was made possible by the evolution of the
choroidal vascular bed to supply the retina by diffusion from behind. What mechanisms
evolved to exclude vessels from growing into the retina? Conversely, what mechanisms
evolved in later vertebrates (mammals) to allow vessels to grow into the inner layers of
the retina, allowing greater thickness and complexity of the retina, yet still exclude
them from the outer (photoreceptor) layers? Furthermore, what mechanisms evolved
still later (in some primates) to exclude vessels from the highly specialized foveal
region? Here we briefly review what is known of the mechanisms that define two, and
in the case of anthropoid apes three, avascular regions of the retina.

Avascularity of Outer Retina

In all vascularized mammalian retina, the outer layers, formed by photoreceptors, are
avascular. The rich vascular bed of the choroid lies just external to these deep layers,
separated from them by the RPE; the deep plexus of retinal vessels lies immediately
internal to them. Except in disease conditions, vessels do not invade the photoreceptors
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from either aspect. This exclusion of vessels from the photoreceptor layers facilitates
visual acuity. Photoreceptors are aligned parallel to the light rays striking them, so pho-
tons pass directly along the photoreceptor to the outer segment. The photoreceptor
array resembles, the array of pixels in the receptor plate of a digital camera, and deter-
mines the retina’s ability to distinguish closely spaced visual stimuli (i.e., visual
acuity). Inner and outer segments of the photoreceptors are 1 to 3 μm in cross-section.
The smallest vessels are 7 μm in diameter, and would create significant gaps in the photo-
receptor array. How is avascularity of the outer retina achieved and maintained? At
least two factors appear to have roles in establishing the avascular zone in outer retina:
R-cadherin and pigment-epithelium-derived factor (PEDF).

Further Role for R-Cadherin

R-cadherin has been shown to have a significant role in targeting EPCs to the astro-
cyte template (83). In earlier studies from the same group, R-cadherin was shown to
have a role in confining retinal vessels to the inner retinal layers (42). R-cadherin is a
member of the calcium-dependent family of adhesion molecules, is regulated by the
homeobox gene, Pax-6 (105), and expressed in the developing retina and brain
(105–109). In the retina, the expression of R-cadherin during development is dynamic
(109). In mouse development R-cadherin is upregulated between P0 and P4 during
formation of the primary vasculature, and reaches a second peak expression at P12 during
formation of the deep vascular layers (42). R-cadherin is detected in the normally vascu-
larized layers of the retina and is localized to astrocytes (108), to ganglion cells (42,109),
to horizontal cells (109), to the inner nuclear layer (INL) (amacrine cells), and to the
inner plexiform layer (IPL). Only low levels of R-cadherin are present in the outer retina
(109). When antibodies to R-cadherin were injected into the eyes of mice at P2, normal
development of the primary retinal vasculature (the inner layer) was disrupted and the
area of vascularized retina reduced (42). However, when anti-R-cadherin was injected
after formation of the primary vasculature (at P7), vessels forming the deep layer of the
retinal circulation grew past the INL/outer plexiform layer (OPL) boundary, where their
outward growth normally stops, and entered the outer retina, extending throughout the
OPL, the ONL and layer of inner and outer segments (bacillary layer) (42). The astro-
cytic template, to which the primary retinal vasculature normally adheres, was not dis-
rupted by injection of R-cadherin antibody, suggesting that cohesion between substrate
and developing vasculature was affected, rather than the substrate itself.

Pigment-Epithelium-Derived Factor in Outer Retina

PEDF is a neurotrophic and antiangiogenic factor first isolated from the RPE (110)
but expressed also in trabecular meshwork, sclera, and ciliary body and at low levels in
orbital muscle, retina (111), and vascular endothelial cells (112). In the retina, PEDF
protein is released predominantly from the apical aspect of the RPE and localized in
the avascular, outer retina, within the interphotoreceptor matrix, and associated with
cone sheaths (111). Several studies have demonstrated the capacity of PEDF to inhibit
vessel growth in a variety of models, including neovascularization of the cornea, vitreous
and retina (113–116), suggesting that its presence in outer retina may be directly
inhibitory to vascular growth. It has also been suggested that under normal conditions
VEGF and PEDF are in “critical balance” in the outer retina and RPE, and that this
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natural balance may be perturbed in some disease or unusual physiological states, con-
tributing to the development of neovascular disease (112,117,118). For example, it has
been shown that retinoblastoma cells maintained in low oxygen show increased levels
of VEGF but decreased levels of PEDF in conditioned media (113).

Vascular Retraction From Edge of Retina

Even in well-vascularized retinas, such as those of the rat, cat, and human
(36,40,119), the edge of the retina is avascular. The width of the avascular region (i.e.,
the distance from the edge of the retina to the most peripheral vessel) varies from tens
of microns to several millimeters. The occurrence and width of this avascular region
are determined by two factors. First, the retina thins toward its edge, all three neuronal
layers being reduced. Because the choroid can supply the oxygen needs of retinas up to
150 μm thick (2), the retinal vessels are unnecessary, and do not form close to the edge.
This idea is confirmed by the fact that the avascular zone is always wider for the deeper
layers of the retinal circulation, which are closer to the choroid.

Second, the edge of the retina actively degenerates, beginning in early postnatal life,
as soon as the retina starts to function (119,120) and continuing, in long-lived species
such as the human, decade after decade. In the human this degeneration is well known
clinically as cystoid degeneration. This degeneration “is of universal occurrence, hav-
ing been found in virtually all eyes, including those of premature infants and octoge-
narians. The cysts increase in number with advancing age, rarely becoming numerous
before the age of eight and becoming widespread only after the fourth decade” (121, p. 14).
In the human the degeneration advances at approx 100 μm per year. As it advances,
vessels retract from the edge, leaving the cystoid region, and the still-intact region of
retina close to the cystoid region, avascular.

Detailed analysis of this edge degeneration (119) shows that it is slowly progressive,
even while the retina remains recognizable and probably functional. At the earliest
stages outer segments of photoreceptors shorten and are distorted, and vessels disap-
pear. Then the ONL thins as photoreceptors die. Eventually, the few surviving photo-
receptors lose their inner and outer segments completely, and cysts form within the
retina. The last cells to remain recognizable are Müller cells. Eventually these too die,
and pigmented cells, probably from the RPE, invade the residual skeleton of the retina.

Michaelson (1) had proposed that the onset of retinal metabolism was an important
stimulus for the formation of retinal vessels. These observations show the converse, that
the collapse of retinal metabolism is the stimulus for the deconstruction of retinal vessels.

Exclusion of Vessels From the Fovea Centralis

The fovea centralis (“fovea”) is the part of the retina that allows us to discriminate
detail in the visual field, particularly during close work. In primates, the fovea (latin for pit)
is formed in early postnatal life by radial/centrifugal migration of the neurons of the
two inner layers of retina (ganglion cells and inner nuclear layers) away from a central
point in the foveal cone mosaic (122,123), leaving a layer of cone photoreceptor nuclei
lining the floor of the pit. The neurons displaced in this process retain their contacts
with the central photoreceptors and pile up around the center of the specialization, on
the foveal rim. Teleologically, it is believed that this arrangement allows optimal access of

116 Stone, Sandercoe, and Provis



incident light to the foveal array of photoreceptors, thereby optimizing visual acuity. The
mechanism of this adaptation has been much debated. One attractive recent idea is that
the primary mechanism in foveal development is the definition of the foveal avascular
zone (44,124,125). The lack of vascularity, it is then argued, makes the foveal region
more elastic than vascularized areas of retina, resulting in displacement of neurons of the
inner layers away from the avascular zone (125), toward the available vessels.

It needs to be stressed that the vascular specialization of the foveal region is not the
absence of vessels from this region of the adult retina. In the adult, only the ONL is
present in the central fovea, and this layer is avascular throughout the retina. The vascu-
lar specialization is evident in fetal life, when the foveal region has the full set of retinal
layers (Fig. 4). It is striking that even with all layers present, the spreading retinal ves-
sels approach the incipient fovea but never enter the region. The GFAP+ve astrocytes
that spread ahead of retinal vessels mostly skirt the foveal region, and those that do
approach the region where the fovea will develop also stop short of entering it (Fig. 5A).

The signals that guide astrocytes and retinal vessels around the fovea, and that
exclude them from the foveal region, are not known. Detailed observations, however,
suggest several of their properties. First, these signals guide the astrocytes and capillar-
ies toward the fovea at a deeper level than in other parts of the retina. In other parts of
the primate retina the inner layer of vessels is located at the nerve fiber layer/ganglion
cell layer interface. The vessels growing toward the fovea, however, are positioned
deep in the ganglion cell layer, at the ganglion cell/inner plexiform layer interface (Fig. 4).
Second, the molecular barrier blocking entry to the foveal region may be primarily
aimed at astrocytes. The astrocytes growing ahead of the vessels toward the foveal
region are large and intensely GFAP+ve (Fig. 5; 44) and strongly express VEGF mRNA
(Fig. 4; 126). They appear to pile up against an invisible barrier around the area where
the fovea will form (Fig. 5A; 44). Furthermore, over the following months, these astro-
cytes disappear or retreat from the macular region, leaving the perifoveal capillaries
virtually devoid of GFAP+ve astrocytes postnatally (44,127)7 . It is possible that the pri-
mary block affects astrocytes, and that vessels cannot enter the foveal site because their
template is not formed.

The second line of evidence comes from analysis of rates of cell proliferation in the
vessels that grow along the horizontal meridian, from the optic disk toward the devel-
oping fovea, and in the vessels growing outward to form the deeper layers of the peri-
foveal capillary plexus. Both astrocytes and endothelial cells proliferate during
formation of the primary vasculature in the human retina; pericytes and microglia
appear to be nondividing populations in the retina (52). When the density of proliferat-
ing cells (Ki67+ve cells/mm2) is measured in retinal wholemounts, the highest levels of
proliferation are found at the peripheral vascular front and along large vessels (peak
value, 1296 cells/mm2) (Figs. 5B,6). Even though vessels are actively growing
toward the foveal region at Fd100, rates of cell proliferation surrounding the inci-
pient fovea, and between the optic disk and incipient fovea, are the lowest in the
retina (<590 cells/mm2) (Fig. 6). When the proportion of proliferating cells also
expressing the vascular marker CD31 is calculated, the levels of proliferation along the
horizontal meridian are half the levels in peripheral retina (Table 1). Similar data were
obtained from an animal at Fd142, but in this older animal, the difference in proportions
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of proliferating endothelial cells in perifoveal compared with peripheral locations prob-
ably reflects the retreat of astrocytes from the central retina (44,127)7 rather than a spe-
cific antiangiogenic effect (Table 2). The data also show much lower levels of
endothelial cell proliferation in the perifoveal deep plexus, which is just forming around
this age, compared with the periphery (Table 2).

The data suggest that an antiproliferative factor is expressed along the horizontal
meridian, and at peak concentration at the developing fovea, which slows the rate of
proliferation in both the astrocyte and endothelial cell populations. This is also evident
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Fig. 6. A map showing the numbers of proliferating endothelial cells (ECs) (Ki67+ve/
CD31+ve) cells in a macaque retina at Fd100 (see Fig. 5B). Dot size is proportional to the num-
ber of proliferating ECs/mm2. The peak density of double-labeled cells is 1296/mm2 (temporal
superior periphery, i.e., upper left). The area from which “horizontal meridian” and “foveal
region” counts were sampled is indicated in gray.

Table 1
Mean Density Labeled Cells (No./mm2 ± SD) in Inner Retinal Vessels (Fd100)

Horizontal meridian
Fd100 (N = 12) Periphery (N = 102) p-value

Total proliferating 568.00 ± 289.65 814.74 ± 334.26 p = 0.0146a

cells (Ki67-IR)
Proliferating 

endothelial cells 280.00 ± 156.84 473.72 ± 248.58 p = 0.0032a

(Ki67-IR/CD31-IR)
% Proliferating 49.88 ± 9.26 56.39 ± 12.73 p = 0.0628

endothelial cells 

Mann-Whitney U test.
aSignificant, p < 0.05.



during formation of the deep layers of the perifoveal capillary plexus; the rate of cell
proliferation there (Fd142) is less than half that seen in sample areas at comparable
stages of formation in the periphery (90.00 cells/mm2 ± 75.98, vs 188.6 cells/mm2 ±
113.45; Table 2). Although the identity of such a factor or factors remains to be deter-
mined, it is worth noting that the low levels of proliferation reflect the topographic dis-
tribution of cones, which concentrate at the developing fovea and along the horizontal
meridian of the retina (128). Whether a factor originating from cones, located in the
outer nuclear layer, can influence events occurring in the inner retina remains specula-
tive, however.

CONCLUSIONS

In evolutionary terms, the retinal circulation has developed late, and in only a sub-
set of vertebrates (some mammalian species). Its evolution has allowed the retina in
those species to be thicker and more complex, making possible the high spatial and
chromatic acuity of primates. This evolution is fascinating in its detail, and the mech-
anisms that guide the formation and specialization of retinal vessels are importantly
clinically, for much retinal disease is driven by those mechanisms. The nature of the
interaction between the choroidal and retinal circulations, and the role of this interac-
tion in retinopathy of prematurity, retinopathy of detachment, and retinitis pigmen-
tosa have been understood for some time. The roles of retinal metabolism in
precipitating the formation of retinal vessels, the developmental importance of phys-
iological hypoxia and the damaging effects of hyperoxia, the diverse roles of
macroglia, the operation of a local vasoformative factor, and the identification of that
factor as VEGF, were all proposed more than a decade ago. In the last decade, (at
least) three new concepts of retinal vasculature development have been established or
proposed. One is that the formation of vessels is part of a broader response of the tis-
sue (any tissue, not just retina) to hypoxia. The broader response involves erythro-
poiesis and glycolysis, as well as vessel growth, and is coordinated by transcription
factors, in particular HIF-1, that are able to mobilize the range of genes involved. A
second is that the endothelial cells that form new vessels, during development or in
the adult, are derived from distant (bone marrow) as well as local sources. A third is
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Table 2
Mean Density Labeled Cells (No./mm2 ± SD) in Inner Retinal Vessels (Fd142)

Perifoveal region 
Fd142 & HM (N = 19) Periphery (N = 36) p-value

Total proliferating cells 346.11 ± 226.79 507.76 ± 277.16 p = 0.0323a

(Ki67-IR)
Proliferating endothelial cells 265.26 ± 172.43 443.76 ± 33.97 p = 0.0059a

(Ki67-IR/CD31-IR)
% Proliferating endothelial cells 78.22 ± 8.7419 87.57 ± 10.91 p = 0.0008a

Deep plexus (Ki67-IR/CD31-IR) 90.00 ± 75.98 188.6 ± 113.45 p = 0.0096a

Mann-Whitney U test.
aSignificant, p < 0.05.



that late-evolved specializations of retinal vasculature, such as those found at the
foveal region, have required the development of new, and still only partially under-
stood, mechanisms for the control of the migration of both macroglial cells (astro-
cytes) and endothelial cells in the inner layers of the retina. Identifying these
mechanisms remains a scientific challenge. The understanding that will emerge as
these mechanisms are revealed should also expand the opportunities for therapeutic
intervention in still-intractable diseases of the retina.
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INTRODUCTION

Neovascular glaucoma (NVG) is a devastating ocular disease that results most often
as an end-stage complication of retinal ischemia. The condition has been referred to by
several other names, including rubeotic, hemorrhagic, congestive, or thrombotic glaucoma,
although NVG is now the mostly commonly used term. Fibrovascular tissue prolifer-
ates in the anterior chamber, producing neovascularization of the iris (NVI), also known
as rubeosis iridis, and/or neovascularization of the anterior chamber angle (NVA). The
fibrovascular membrane eventually obstructs the trabecular meshwork and subsequently
contracts to produce peripheral anterior synechiae (PAS) and progressive angle closure.
The resulting increased intraocular pressure (IOP) is often difficult to control and
frequently causes irreversible visual loss (1).

Rubeosis iridis was initially described by Coats in 1906 (1). Since his original
description, NVI and NVA have been noted in a multitude of ocular diseases, the major-
ity of which (up to 97%) are associated with an underlying process of retinal hypoxia
and ischemia (2). The remaining 3% of cases of NVG are associated with inflammatory
diseases, such as chronic uveitis, and intraocular neoplasms. The most common condi-
tions associated with NVG are proliferative diabetic retinopathy (PDR), central retinal
vein occlusion (CRVO), and ocular ischemic syndrome. Patients with NVG often have
advanced systemic vascular disease. In one series of 79 patients with NVG, 17 patients
died within 3 yr of glaucoma surgery because of related systemic disorders (3).
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PREDISPOSING CONDITIONS/THEORIES OF MECHANISMS

The various ocular diseases in which NVI and NVG have been observed are listed in
Table 1 (1). Approximately one-third of patients with NVI have diabetic retinopathy
(2). The frequency with which rubeosis iridis occurs in association with diabetic
retinopathy is influenced significantly by the status of the lens and vitreous. Following
pars plana vitrectomy for diabetic retinopathy, the reported incidence of NVI and NVG
has ranged from 25 to 42% and 10 to 23%, respectively (4). Removal of the lens, espe-
cially if the posterior capsule is disrupted, has also been shown to be associated with a
higher incidence of rubeosis and NVG (5,6)6 . In eyes with diabetic retinopathy, extra-
capsular cataract extraction with primary capsulotomy had a high incidence of post-
operative NVI and NVG similar to that observed with intracapsular cataract surgery (7)7 .
Leaving the posterior capsule intact appears to reduce this incidence, although subse-
quent neodymium-yttrium-aluminum-garnet (Nd-YAG) laser capsulotomy in diabetic
patients may increase the risk of NVG (8).

Neovascular glaucoma is also associated with retinal vascular occlusive diseases. It
is for this reason that it was once called thrombotic glaucoma. In one large series,
CRVO accounted for 28% of all cases of NVI (9). Rubeosis iridis and NVG may also
be associated with central retinal artery occlusion, although less commonly than with
CRVO (10). Other retinal diseases associated with an increased risk for the develop-
ment of NVI and NVG include branch retinal artery occlusion, branch retinal artery
occlusion, and rhegmatogenous retinal detachment (4).

Because the majority (but certainly not all) of the ocular conditions associated with
NVI and NVG involve diminished perfusion of the retina, hypoxia of the retina has
been postulated to be a significant factor in the formation of new vessels on the iris
and in the anterior chamber angle. Ischemia is known to trigger the release of factors
that both inhibit and promote new vessel growth (11). Moreover, for the neovascular
process to occur, necessary conditions include viable retinal tissue, low oxygen ten-
sion, and venous drainage that allows for the accumulation of these angiogenic factors
(12). The retinal ischemia theory has been further supported by clinical observations
that rubeosis iridis is more likely to occur in patients with PDR or CRVO, wherein
there is significant capillary nonperfusion (13,14). Altogether, these clinical observa-
tions have lent credibility to the concept that NVI and NVG result from the diffusion
of neovascularization-inciting factor(s), which are most often stimulated by hypoxia
in the posterior segment.

UNDERLYING MOLECULAR MECHANISMS 

The concept of a diffusible factor that stimulates the budding of new vessels from
preexisting vascular beds was proposed as early as 1948 (15). Vascular endothelial cells
play a crucial role in the process of angiogensis. In response to a specific stimulus (e.g.,
tissue hypoxia), proangiogenic factors, such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), tumor necrosis factor (TNF)-α, insulin-
like growth factor, and platelet-derived growth factor, are actively secreted by these
endothelial cells (Fig. 1). This process in turn stimulates a cascade that results in the
activation, proliferation, and migration of the endothelial cells, with the final result
being formation of new, leaky, fragile blood vessels.
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Table 1
Diseases in Which Rubeosis Iridis Has Been Reported (1)

Retinal ischemic diseases
Diabetes
Central retinal vein occlusion
Ocular ischemic syndrome/carotid occlusive disease
Central retinal artery occlusion
Retinal detachment
Leber’s congenital amaurosis
Coats’ disease
Eales’ disease
Sickle-cell retinopathy
Retinal hemangioma
Persistent hyperplastic primary vitreous
Norrie’s disease
Wyburn Mason
Carotid-cavernous fistula
Dural shunt
Stickler’s syndrome
X-linked retinoschisis
Takayasu’s aortitis
Justafoveal telangiectasis

Surgically induced
Carotid endarterectomy
Cataract extraction
Pars plana vitrectomy/lensectomy
Silicone oil
Scleral buckle
Neodymium: yttrium–aluminium–garnet capsulotomy
Laser coreoplasty

Tumors
Iris: melanoma, hemangioma, metastatic lesion
Ciliary body: ring melanoma
Retina: retinoblastoma, large cell lymphoma
Choroid: melanoma
Conjunctiva: squamous cell carcinoma

Radiation
External beam
Charged particle: proton, helium
Plaques
Photoradiation

Inflammatory diseases
Uveitis: chronic iridocyclitis, Behçet’s disease
Vogt-Koyanagi-Harada syndrome
Syphilitic retinitis
Sympathetic ophthalmia
Endophthalmitis

Miscellaneous
Vitreous wick syndrome
Interferon-α



Vascular endothelial growth factor is the most extensively studied of the proangio-
genic factors in the pathogenesis of NVG (16–18). The factor is composed of four
homodimeric polypeptides, produced through the alternative splicing of messenger
RNA. Although VEGF is synthesized by various retinal cells, there is evidence that the
Müller cells represent a significant source of the factor under conditions of retinal
ischemia. The four VEGF isoforms (VEGF-A, -B, -C, and -D) contain consensus signal
sequences for extracellular secretion, and each binds to specific receptor subtypes and
stimulates tissue-specific angiogenesis (Fig. 2).

Elevated levels of VEGF have been identified in the aqueous humor of patients
with NVG (19). Higher levels of VEGF have also been observed in the aqueous humor
of diabetic patients with NVG, compared with those with PDR only (20).
Experimental studies in nonhuman primates have shown that intravitreal injections of
human recombinant VEGF (in amounts comparable to those measured in eyes with
active neovascularization) are sufficient to produce noninflammatory NVI, ectropion
uveae, and NVG (21).

Although VEGF is intricately involved in the proangiogenic cascade, therapy targeted
for VEGF alone would probably not be sufficient to fully counteract the process of angio-
genesis. There are many reasons for this, including endothelial cell diversity, regional
variation in tissue expression of the gene encoding VEGF, the complexity of the VEGF
family isoforms and receptors, and the contribution of dozens of other factors in the
angiogenesis cascade (22). These other proangiogenic factors include insulin-like growth
factors I and II (23) insulin-like growth factor binding proteins 2 and 3 (23), basic fibroblast
growth factor (24), interleukin-6 (25), and platelet-derived growth factor (25).

In most tissues, the vasculature is maintained in a state of quiescence through a del-
icate balance between proangiogenic and antiangiogenic factors. In the eye, it appears
that new vessel formation is affected to a great extent by the balance between VEGF and
the antiangiogenic factor, pigment epithelium-derived factor (PEDF) (22,26)6 . PEDF is a
naturally occurring and extremely potent angiogenesis inhibitor that not only targets
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Fig. 1. Key events occurring during the process of angiogenesis. (Reprinted with permission
from ref. 22.) See color version on companion CD.



new vessel growth but also has potent neuroprotective activities. The VEGF–PEDF
homeostatic equilibrium theory is supported by studies that show increased VEGF and
decreased PEDF levels in the vitreous of patients with PDR. Moreover, observations of
reduced PEDF levels in the vitreous of patients with active diabetic retinopathy, com-
pared with inactive retinopathy, further support this theory (27–29). These observations
suggest possible future therapeutic modalities for neovascular glaucoma that rely on
modulation of this angiogenic balance (see “Future Therapeutic Options”).

It has also been postulated that chronic dilation of ocular vessels is a stimulus for
new vessel growth in response to hypoxia (4,30). According to this theory, rubeosis
iridis arises from localized hypoxia of iris tissue, which causes dilation of iris vessels
and subsequent neovascularization.

CLINICOPATHOLOGICAL COURSE

The clinicopathological course of NVG can be conceptualized as proceeding from
an initial preglaucoma stage (existing rubeosis iridis) through an intermediate open-
angle stage to the advanced angle-closure stage (Fig. 3). In the preglaucoma stage,
fine new vessel growth is observed on the iris, in the anterior chamber angle, or in
both locations. Slit-lamp biomicroscopy usually reveals fine, randomly oriented vessels
on the surface of the iris stroma near the pupillary margin (4). The new vessels are
also characterized by leakage of fluorescein (31). Gonioscopy may reveal a normal
anterior chamber angle or early neovascularization, characterized by single vascular
trunks crossing the ciliary body band and scleral spur and arborizing on the trabecular
meshwork (4). The IOP is typically normal in this stage, unless preexisting open-angle
glaucoma is present.
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Fig. 2. Diversity of interactions of vascular endothelial growth factor (VEGF) with its recep-
tors. (Reprinted with permission from ref. 22.) See color version on companion CD.



The rubeosis iridis process usually begins intrastromally and then develops on the
anterior iris surface (32). Experimental studies in monkey eyes with retinal vein occlu-
sion have demonstrated that the rubeotic process begins with dilation of normal iris
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Fig. 3. Clinicopathological stages of neovascular glaucoma. (A) Preglaucoma stage
(rubeosis iridis), characterized by new vessels on the surface of the iris (a) and in the ante-
rior chamber angle (b). (B) Open-angle glaucoma stage, characterized by an increase in neo-
vascularization and a fibrovascular membrane on the iris (c) and in the anterior chamber
angle (d). (C) Angle-closure glaucoma stage, characterized by contracture of the fibrovascu-
lar membrane, causing corectopia, ectropion uvea (e), flattening of the iris (f), and periph-
eral anterior synechiae (g). (Reprinted with permission from ref. 4.)



vessels, followed by a marked increase in the metabolism of vascular endothelial cells
and subsequent new vessel growth (33). Silicone injection studies suggest that the new
vessels on the iris (NVI) arise from normal iris arteries and drain into iris and ciliary
body veins, whereas new vessels in the angle (NVA) arise from arteries of the iris and
ciliary body and drain via the peripheral neovascular network on the iris (34).
Histologically, the new vessels have thin fenestrated walls and are arranged in irregular
patterns (35–37)7 . Light and electron microscopic studies of the ultrastructure of NVI
associated with sickle-cell retinopathy, which is clinically similar to that observed in
PDR and CRVO, showed open interendothelial cell junctions, attenuated intraendothe-
lial cytoplasm, and pericyte formation (38).

Rubeosis iridis does not invariably lead to the development of NVG. In rare cases, the
rubeotic process may resolve spontaneously, especially in cases associated with PDR
(39). However, in eyes that do progress to the intermediate, open-angle glaucoma stage,
the growth of fibrovascular tissue is typically florid, and the aqueous humor often
reveals an inflammatory reaction (4). It is this stage that once led to the term congestive
glaucoma. Gonioscopy shows an open anterior chamber angle, but histological studies
indicate that a fibrovascular membrane obstructs the trabecular meshwork, thereby
decreasing aqueous outflow and leading to an open-angle form of glaucoma (35,36)6 . In
this stage, the IOP may increase rapidly, presenting as an acute onset glaucoma.
Hyphema may also be observed at this stage, which is why the disorder was once called
hemorrhagic glaucoma.

In the advanced, angle-closure stage of NVG, the iris stroma becomes flattened,
often with ectropion uveae, and the anterior chamber angle progressively closes.
Myofibroblasts, transiently present in the fibrovascular tissue, proliferate and contract,
thereby flattening the iris and pulling the angle closed (40). Obstruction of the trabecu-
lar meshwork by progressive synechial closure of the angle leads to increasingly ele-
vated IOP that is often recalcitrant to medical therapy and associated with a high
proportion of vision loss (4,41).

CLINICAL DIAGNOSIS

Early diagnosis of NVG offers the best chance of controlling the condition and pre-
serving the patient’s vision. This requires a high index of suspicion, especially if the
patient has any of the predisposing disease processes (Table 1). Every patient who is at
risk of NVG should undergo a comprehensive ocular evaluation with particular atten-
tion to the pupillary margin of the iris by undilated slit-lamp examination, gonioscopy,
and dilated funduscopic examination. The IOP should be measured as accurately as
possible, preferably by applanation tonometry.

In patients with CRVO, studies have shown that a relative afferent pupillary defect
(RAPD) indicates an increased risk of developing rubeosis iridis (42). Even patients
with a greater degree of RAPD (mean score of 0.9 log units) were more likely to
develop rubeosis, compared to those with a lesser pupillary defect (mean score of
0.3 log units) (43). These findings may reflect the relative extent of retinal ischemia
produced by the retinal vein occlusion.

A nondilated slit-lamp examination and gonioscopy are essential in the detection of
NVI and NVA, respectively. Although NVI usually precedes NVA, new vessels may be
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found in the angle without slit-lamp evidence of iris neovascularization (44). The
Central Vein Occlusion Study (CVOS) revealed that approx 10% of eyes with non-
ischemic CRVO and 6% of eyes with ischemic CRVO developed NVA without signs of
iris neovasularization (45). Other investigators reported that 4 of 34 eyes (12%) with
CRVO developed NVA without signs of NVI (46), hence the importance of careful
gonioscopy in these patients.

Other diagnostic techniques for predicting the risk of developing rubeosis iridis in
patients with CRVO include angiography and electroretinography (ERG). Retinal
angiography may be useful in demonstrating capillary nonperfusion, but its value is lim-
ited because the peripheral retina is not included, and interpretation can be difficult
owing to the presence of blood and media opacities. Iris angiography may be more use-
ful by revealing early, subtle NVI. In a study of 200 randomly selected fluorescein
angiograms of the iris, rubeosis iridis was detected in 97.2%, with a false-positive rate of
1% (47)7 . Moreover, in approximately one-third of the eyes, the angiography test allowed
detection of rubeosis prior to its becoming clinically evident on slit-lamp biomicroscopy.

Another test for rubeosis iridis is goniofluorescein angiography. In 100 diabetic eyes
studied with this technique, 56 eyes were shown to have angle rubeosis, even though it
was evident in only approximately half of the patients by gonioscopy (48).

Electroretinography has also proven to be useful in predicting the development of
rubeosis iridis by providing a measure of the degree of retinal ischemia. Although data
are conflicting as to the most predictive ERG parameter, a b-wave-implicit time delay
and a reduced b-wave/a-wave amplitude ratio appear to be the most diagnostic findings
(49–52). The flicker ERG has also been reported to have diagnostic value in predicting
the development of rubeosis (53,54).

The differential diagnosis is dependent on the angle status of the NVG. In the open-
angle stage, NVG must be distinguished from other glaucomas of acute onset (e.g.,
glaucoma associated with acute inflammation, angle-closure glaucoma). The diagnosis
can usually be made based on the presence of the new vessels on the iris surface and/or
angle (although in eyes with uveitic glaucoma, dilation of normal iris vessels may be
confused for neovascularization). Moreover, eyes with Fuchs’ heterochromic iridocy-
clitis also may have new vessels in the anterior chamber angle (4). When NVG presents
in the closed-angle stage, the differential diagnosis includes the glaucomas associated
with angle closure and iris irregularity, such as iridocorneal endothelial syndrome,
chronic angle closure glaucoma, chronic inflammation, and old ocular trauma.

CLINICAL MANAGEMENT

Despite the many advances in medical and surgical therapies for glaucoma, the visual
prognosis in NVG remains poor. The key to improving patient outcomes is early detec-
tion of anterior segment neovascularization and prompt initiation of therapy, targeting
the underlying disease process responsible for the rubeosis. Once the IOP becomes
markedly elevated, especially in the closed-angle glaucoma stage, the glaucoma is
much more difficult to treat and there is a high risk of significant visual loss.

Clinical recommendations for the diagnosis and treatment of NVG may be thought
of as Level A (most important to clinical outcome) and Level B (moderately important
to clinical outcome) (Table 2). Level A diagnostic recommendations include a high
index of suspicion and complete ocular examination, including undilated slit-lamp
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biomicroscopy, gonioscopy, and dilated fundus examination. Level A therapeutic recom-
mendations include treatment of the underlying disease process, which usually involves
adequate panretinal photocoagulation (PRP), if retinal ischemia is significant, and initial
medical control of the IOP and inflammation. Level B recommendations include glau-
coma surgery to lower the IOP when medical therapy is unsuccessful.

Retinal Ablation

The initial management of NVG should consist of identification and treatment of the
underlying disease process that is responsible for the anterior segment neovasculariza-
tion, as well as concurrent treatment of the elevated IOP, if necessary. In the majority of
patients with NVG, wherein retinal ischemia is the underlying cause, ablation of the
peripheral retina is the first line of therapy to counter the angiogenic cascade. In most
instances, PRP with an argon laser is the treatment of choice (55–59). Other modalities,
such as panretinal cryotherapy, transscleral diode laser retinopexy, and panretinal
diathermy, have also been described (1). In the rare instances when the NVG is caused
by an underlying inflammatory condition, treatment with antiinflammatory agents is
indicated (60), or when ocular neoplasm is the underlying mechanism, treatment of the
tumor is required.

Panretinal photocoagulation has been shown to cause regression or elimination of the
anterior segment neovascularization (31,55–57)7 . In eyes with PDR, one study showed that
treatment with PRP caused regression of rubeosis in 68% of the patients and normalization
of the IOP in 42% (58). The importance of adequate PRP treatment was emphasized in
one study, wherein 1200 to 1600 laser spots produced regression of rubeosis in 70.4% of
diabetic patients, whereas 400 to 650 spots produced regression in only 37.5% (59).
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Table 2
Recommendations for Diagnosis and Treatment of Neovascular Glaucoma (1)

Diagnosis
1. Clinicians should maintain a high level of suspicion about neovascularization of the iris

or angle, and perform a full ocular examination, including undilated gonioscopy and
pupil examination on any eye at risk (A, I)a.

2. Iris or angle angiography may be useful to identify neovascularization before it becomes
clinically obvious (C, II).

3. Electroretinography may be useful in estimating the risk of anterior segment neovascular-
ization (C, II).

Treatment
1. Complete panretinal photocoagulation, or supplemental panretinal photocoagulation, is

indicated as soon as practicable in the eyes with anterior segment neovascularization, if
capillary nonperfusion is present (i.e., ischemia of the retina) (A, I).

2. Treatment of the underlying disease entity responsible for the rubeosis should be undertaken
to minimize the risk of subsequent elevated intraocular pressure (A, I).

3. Medical treatment of both elevated intraocular pressure and any associated ocular inflam-
mation should be initiated promptly (A, I).

4. Glaucoma surgery is indicated to preserve vision when elevated intraocular pressure is
not controlled adequately by medical treatment (B, II).

a(A, I) Reflects recommendations ratings for importance to the care process (levels A, B, or C) and the
strength of evidence from published literature (levels I, II, or III). From ref. 1, with permission.



In addition to producing regression of anterior segment neovascularization, PRP has
also been demonstrated to prevent the development of rubeosis iridis in eyes with
PDR (61) and possibly with CRVO (62,63). Even though the efficacy of prophylactic
PRP is well documented in patients with diabetic retinopathy, a 10-yr prospective study
of eyes with CRVO undergoing PRP, compared with those without PRP, revealed no
significant difference in the incidence of subsequent NVG (64). Furthermore, in the
CVOS, prophylactic PRP in patients with ischemic CRVO did not completely prevent
the development of anterior segment neovascularization, whereas prompt regression of
NVI and NVA was more likely to occur when the PRP was performed after early rubeo-
sis became manifest (65). The CVOS investigators also recommended that prompt PRP
should be performed when 2 h of NVI or any NVA is observed. Thus, for CRVO, the
preferred practice is to follow patients frequently and closely (with undilated slit-lamp
examination and gonioscopy) and apply PRP only at the earliest signs of anterior seg-
ment neovascularization.

Prophylactic PRP may be indicated when vitrectomy and/or lensectomy is planned in
patients with diabetic retinopathy. One study showed that patients with PDR who under-
went prophylactic PRP were less likely to develop rubeosis iridis after cataract extraction
than those not receiving PRP (5). Furthermore, PRP may reverse IOP elevation in the open-
angle stage and in some cases of early-angle-closure NVG (55,66–68). There is also a
higher success rate for glaucoma filtering procedures when PRP is performed initially (69).

The mechanism by which PRP influences the neovascularization response is
presently not fully known, although it is likely that the ablative procedure decreases
retinal oxygen demand, thereby reducing the stimulus for release of the proangiogenic
factors (4). This is supported by observations that the photoreceptor-retinal pigment
epithelial complex accounts for two-thirds of the total retinal oxygen consumption
(70). Another effect of PRP may be the reduction of hypoxia in the anterior ocular seg-
ment by reducing the oxygen sink in the posterior segment (4).

Although PRP is the preferred treatment for NVG associated with retinal ischemia, it
may be difficult (if not impossible) to perform in patients with media opacities, such as
corneal edema, cataract, or hemorrhage, and with poor pupillary dilation. In some situa-
tions, PRP may still be applied with the use of an indirect ophthalmoscopic delivery sys-
tem. When an adequate amount of PRP (at least 1200–1600 laser spots) is not possible,
other retinal ablation modalities should be considered, including panretinal cryotherapy
and peripheral transscleral retinal diode laser photocoagulation with a contact probe
(1,71–73). The latter procedure, which is also known as diode laser retinopexy, has been
shown to cause regression of rubeosis (73–75) and can be combined with contact diode
laser cyclophotocoagulation for IOP control in the treatment of refractory NVG (73,75).

Another surgical option for peripheral retinal ablation is pars plana vitrectomy with
laser endophotocoagulation, which can be combined with direct laser coagulation of
the ciliary processes if necessary for IOP control (76,77)7 . Concurrent with the vitrec-
tomy, silicone oil tamponade may be employed to prevent or reverse rubeosis iridis by
creating a barrier between the anterior segment and posterior segment, thereby reduc-
ing the proangiogenic factors and/or the hypoxia in the anterior segment (76)6 . If signif-
icant PAS exists, a glaucoma tube shunt may be placed through a pars plana entry site
at the time of vitrectomy to control the elevated IOP (77)7 .
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All of the previously described retinal ablative procedures are designed to reduce the
retinal ischemia and thereby reduce the stimulus for ocular angiogenesis. In some
instances, this leads to regression of preexisting NVI and NVA, especially when the
neovascularization was present for only a short time interval. Another laser technique,
goniophotocoagulation, in which argon laser is applied directly to the new vessels in
the angle, was once advocated for the prevention of progressive angle closure (78). It is
no longer used, because of poor long-term efficacy and the risk of actually accelerating
the angle closure. 

Treatment of Elevated IOP

Medical management of NVG is usually required once the IOP begins to rise and is
most successful when the disease is still in its open-angle stage. The preferred agents
are those that reduce aqueous humor production including the topical β-blockers, topi-
cal and oral carbonic anhydrase inhibitors, and the α-2 agonists (which also increase
uveoscleral outflow with chronic use) (1,4). Miotics are generally contraindicated
because they are not effective when the trabecular meshwork is obstructed by the
fibrovascular membrane or synechial closure. In addition, they increase inflammation,
worsen synechiae angle closure, and decrease uveoscleral outflow. Prostaglandin
analogs also have limited efficacy due to the mechanical obstruction to uveoscleral out-
flow and may increase inflammation (1).

Topical corticosteroids are often useful because many patients with NVG, regardless
of the predisposing condition, will have inflammation and ocular discomfort (79).
Cycloplegic agents (e.g., atropine) may be useful in the relief of pain. In a significant
percentage of cases, however, medical therapy alone will not adequately control the
IOP, and surgical intervention will be required.

One surgical means of controlling elevated IOP in NVG involves cyclodestruction,
or partial destruction of the ciliary body, to reduce aqueous humor production. The
cyclodestruction may be accomplished with photocoagulation, cryotherapy, or ultra-
sound destruction. Cyclocryotherapy was once the cyclodestructive procedure of choice
for NVG, but has a higher than acceptable failure rate and risk of phthisis, and has been
replaced by cyclophotocoagulation (80).

Since the introduction of the first transscleral cyclophotocoagulation procedure with
the ruby laser in 1972 (81), photocoagulation has become the cyclodestructive proce-
dure of choice. Since then, the Nd-YAG and diode lasers, using slit-lamp or fiberoptic
delivery systems, have been utilized in controlling the IOP in intractable cases of NVG
(82–84). Direct visualization and treatment of the ciliary processes with an endoscopic
diode laser has also been studied (85). In severe cases of elevated IOP with concurrent
florid rubeosis, combined transscleral diode cyclophotocoagulation and diode laser
retinopexy may be considered (73,75). However, standardization of a protocol for
cyclophotocoagulation in NVG has not been established, and although the IOP can
often be controlled, visual results are poor, with long-term visual loss in patients with
NVG reaching 46.6% (82).

Glaucoma filtering surgery (e.g., trabeculectomy) in patients with active NVG is
rarely successful due to the high incidence of intraoperative bleeding and postoperative
progression of the fibrovascular membrane. However, prior application of adequate
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PRP may improve the success rates associated with filtering operations by reducing
or eliminating the anterior segment neovascularization (69). The adjunctive use of
5-fluorouracil with filtering surgery in patients with NVG who had received prior PRP
provided success rates of 67% through the first 2 yr postoperatively, although the suc-
cess rates fell to 41% and 28% by the fourth and fifth years, respectively (86).
Intraoperative application of mitomycin C, a more potent fibroblast inhibitor than 
5-fluorouracil, may also increase the success rate (87)7 . Intraocular tissue plasminogen
activator has been reported to increase the likelihood of surgical success through its
action of decreasing the postoperative fibrin response (88). Modified trabeculectomy
procedures have also been described, utilizing either intraocular bipolar cautery of
peripheral iris and exposed ciliary processes (89,90) or creation of a limbal fistula with
the carbon dioxide laser (91). Despite the many modifications to conventional filtering
surgery, however, the failure rate of this surgical modality in NVG remains unaccept-
ably high, unless prior PRP was successful in eliminating the active rubeosis.

Aqueous tube shunts have shown promise in the treatment of refractory NVG,
including cases in which conventional filtering surgery has failed (92–94). However,
the long-term survival with drainage implants is still less than ideal. In a study of 60
eyes with NVG undergoing Molteno tube shunts, IOP control (<21 mmHg) was
achieved in only 10.3% at 5 yr. In addition, 48% lost light perception and phthisis
occurred in 18% (92). With the Baerveldt shunt implant, 12- and 18-mo survival IOP
success rates of 79% and 56%, respectively, were reported in 36 patients with NVG,
although 31% lost light perception (93). The Ahmed shunt implant has also been used
with some success in the surgical management of refractory NVG (94). Improved suc-
cess rates have also been reported in some patients with refractory NVG when the
drainage tube is implanted through the pars plana, combined with pars plana vitrec-
tomy (77,95). However, as with all surgical modalities for NVG, the visual prognosis is
poor, even with successful IOP control, because of the severity of the underlying dis-
ease process and the high rate of postoperative complications.

Investigational treatments for NVG have been described in eyes with intractable
glaucoma. Surgical retinectomy (to reroute the aqueous drainage through the choroidal
circulation) has been performed at the time of pars plana vitrectomy (96,97)7 . Although
the IOP was successfully controlled in a majority of patients, long-term ocular compli-
cations, including retinal detachment, proliferative vitreoretinopathy, and phthisis, were
common. Occlusion of new iris vessels, using photodynamic therapy with verteporfin,
without damaging adjacent tissue or normal iris vessels has been postulated, although
no results on the progression of rubeosis or NVG have yet been reported (98).
Intravitreal injection of crystalline triamcinolone has also been studied as a potential
treatment to cause regression of iris neovasculature (99).

Based on an extensive review of the literature (1), a management algorithm has been
proposed for the current treatment of patients with rubeosis iridis and angle neovascu-
larization (Fig. 4). For eyes with useful vision, this algorithm focuses on identification
and effective treatment of the underlying cause of the neovascularization, as previously
discussed. For patients in whom adequate PRP treatment cannot be administered,
diode laser retinopexy, panretinal cryotherapy, or vitrectomy with endolaser should
be considered. Treatment of the resultant glaucoma may include medical therapy,
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trabeculectomy with an antiproliferative agent, aqueous tube shunt surgery, or diode
laser cyclophotocoagulation.

FUTURE THERAPEUTIC OPTIONS

Visual outcome in patients with NVG remains poor, despite advances in the ability
to control the IOP with new pharmacological agents and surgical procedures. The opti-
mal approach to the management of NVG lies in the knowledge gained through contin-
ued research. Based on an assessment of current literature (1), future research studies
that may prove valuable in further refining and improving our management approach
are listed in Table 3. More randomized clinical trials are needed to better define the
most effective method for retinal ablation and treatments for lowering IOP. In prospec-
tive studies, comparing different surgical modalities, success must be defined not only
by IOP control but by visual outcome as well.
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Fig. 4. Treatment algorithm for neovascular glaucoma. (Reprinted with permission from ref. 41.)



Future therapeutic approaches will be based increasingly on successful modulation
of the angiogenesis cascade. For example, the signal transduction pathway in ocular
angiogenesis is not well defined and a better understanding may lead to the develop-
ment of new pharmacological agents for inhibition of angiogenesis. In animal studies,
exposure to 100% oxygen under hyperbaric conditions has been reported to signifi-
cantly increase the partial pressure of oxygen in the aqueous humor, and may be useful
in treating hypoxic diseases of the anterior segment and retina, including rubeosis iridis
(100,101). Inhibition of VEGF with neutralizing antibodies has been shown to prevent
iris neovascularization in a nonhuman primate model of retinal vein occlusion (102). In
another primate model, systemic treatment with α-interferon, a polypeptide that inhibits
proliferation and migration of endothelial cells and new vessel growth, resulted in
regression of rubeosis iridis (103). In a prospective, randomized, double-masked study
of 53 patients with retinal vein occlusion, treatment with troxerutin, which improves
microvascular flow by inhibiting platelet and erythrocyte aggregation, increasing ery-
throcyte deformability, and reducing blood viscosity, significantly improved visual acu-
ity and retinal circulation times, and reduced progressive ischemia (104).

Endogenous angiogenesis inhibitors, particularly those that act broadly at the earli-
est stages of the angiogenic cascade, could prove to be excellent pharmacological tools
in combating neovascularization. To date, an extensive number of antiangiogenic fac-
tors have been characterized (Table 4) (22). These molecules are either constitutively
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Table 3
Future Research Studies in Neovascular Glaucoma (1)

These should be prospective, randomized clinical studies (if indicated and whenever possible):
Areas in which the current strength of evidence is level I (strong):

Research and development of antivasoproliferative factors
Areas in which the current strength of evidence is level II (substantial):

Efficacy of more aggressive retinal ablation treatment
Efficacy of surgical intervention for retinal ablation in patients with media opacities

Areas in which the current strength of evidence is level II or III (substantial or consensus):
Efficacy and cost-effectiveness of gonioangiography
Indocyanine green vs fluorescein angiography comparison
Comparison of visual outcomes in slit-lamp gonioscopy vs angiography
Determination of the frequency in which gonioscopy should be performed
Study of the pupil examination and its predictive value of neovascularization of angle
Efficacy and cost-effectiveness of electroretinogram
Determination of electroretinogram parameter(s) with highest predictive value of neovascular 

angle
Evaluation of optimal panretinal photocoagulation treatment protocol
Role of goniophotocoagulation in treatment of neovascular glaucoma
Standardization of parameters for successful retinal ablation when visualization poor
Evaluation of appropriateness of retinectomy in controlling intraocular pressure
Efficacy of glaucoma surgical intervention for elevated intraocular pressure—this should 

be a randomized, prospective trial comparing cyclodestruction, filtration surgery, and
aqueous tube shunts



expressed in their active form or become active after proteolytic cleavage of larger
polypeptides into cryptic fragments.

As previously discussed, PEDF, a potent endogenous angiogenesis inhibitor with
neuroprotective properties, shows promise in the future treatment of rubeosis iridis.
The molecule has remarkable specificity for causing deterioration of new vessels, with
no known deleterious effect on mature vessels (105). Experimental studies have shown
that PEDF can be administered therapeutically as a soluble protein or by viral-mediated
gene transfer (22). In transgenic mice with expression of VEGF in photoreceptors
(rho/VEGF mice) and in wild-type mice with laser-induced choroidal neovascularization,
increased in vivo expression of PEDF caused regression of ocular neovascularization
(106)6 . Furthermore, in a mouse model of ischemia-induced retinal neovascularization,
elevated concentrations of PEDF inhibited VEGF-induced retinal vascular endothelial
cell growth and migration and retinal neovascularization (107)7 .

In addition to its proapoptotic effect in vascular endothelial cells, PEDF has appar-
ent neuroprotective effects. Adenoviral vector-mediated intraocular expression of PEDF
in rats significantly increased ganglion, inner nuclear, and outer nuclear cell survival
after ischemia-reperfusion injury of the retina (108). Although the mechanism by which
PEDF exerts this neuroprotective effect is not currently known, possible theories
include activation of transcription of antiapoptotic and neuroprotective genes (109).
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Table 4
Antiangiogenic Factors (22)

Constitutive Cryptic fragments

Angiogenin Angiostatin (38 kDA plasminogen fragment; Kringe 1–4)
Anti-angiogenic anti-thrombin III Angiotensinogen fragments
Brain angiogenesis inhibitor 1 Arresten (fragment of α1 chain of type IV collagen)
Interferon-α Canstatin (fragment α2 chain of collagen type IV)
Interferon-inducible protein Endostatin (20 kDa fragment of XVIII collagen)
Interleukin-12 Fibronectin (20 kDa N-terminal fragment)
PEDF Fibronectin type 111 peptide
Placental ribonuclease inhibitor Fibronectin (40 kDa C-terminal fragment)
Plasminogen-activator inhibitor Heparin hexasaccharide fragment
Proliferin-related protein Kringle 1–5 (fragment of plasminogen)
Protamine NC1 domain of type VIII collagen α1
Somatostatin analog octreotide PEX (metalloproteinase fragment)
SPARC (43 kDa secreted protein Platelet factor 4 fragment

acidic and rich in cysteine)
Thrombospondin-1 Prolactin (16 kDa N-terminal fragment)
Thrombospondin-2 Prolactin fragments
Tissue inhibitors of Restin (22 kDa fragment of human collagen XV)

metalloproteinases 1, 2, and 3
Vasculostatin Trp-tRMA synthetase splice variant

Trp-tRNA synthetase C-terminal fragment
Tumstatin (fragment of α3 chain of type IV)
Vasostatin (fragment of calreticulin)



In this regard, PEDF may have the additional advantage of helping to preserve the
integrity of retinal neurons that are damaged from both the underlying retinal ischemia
and the resultant elevated IOP in NVG.

SUMMARY

Neovascular glaucoma is the result of a predisposing condition, usually associated
with retinal hypoxia, in which anterior segment neovascularization leads to obstruction
of aqueous outflow by a fibrovascular membrane. This membrane subsequently con-
tracts, thereby leading to closure of the anterior chamber angle and elevated IOP. The
resultant glaucoma is difficult to control, and no currently available medical or surgical
treatment has a high success rate. 

The most effective treatment to date involves retinal ablation, which reduces the
level of retinal hypoxia and retards the subsequent angiogenesis cascade. However, this
method is effective only when performed at an early stage of the disease process and
has technical limitations. The best hope for preventing the blindness associated with
NVG is continued research into the angiogenesis pathway, a better understanding of
which will hopefully lead to the development of novel pharmacological agents to pre-
vent and/or reverse the neovascularization process in predisposed patients.
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INTRODUCTION

Eales’ disease was first described by Henry Eales in 1880 (1). The patient presents
with retinal perivasculitis predominantly affecting the peripheral retina (inflammatory
stage), then sclerosis of retinal veins indicating retinal ischemia (ischemic stage), and
finally retinal or optic disk neovascularization, recurrent vitreous hemorrhage with or
without retinal detachment (proliferative stage) (2–4).

EPIDEMIOLOGY

The disease is seen more commonly in the Indian subcontinent and the Middle
Eastern countries. It commonly affects healthy young males. The predominant age of
onset of symptoms is between 20 and 30 yr (5).

CLINICAL FEATURES

Patients are often asymptomatic in the initial stages of retinal perivasculitis. Some
patients may develop symptoms such as floaters, blurring of vision, or even gross diminu-
tion of vision due to massive vitreous hemorrhage. Vision in these patients can be normal
to hand movements or light perception only. Bilaterality is quite common (50–90% of
patients) (2,3). Clinical manifestation of this disease is due to three basic pathological
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changes: inflammation (peripheral retinal perivasculitis); ischemic changes (peripheral
retinal capillary nonperfusion); and neovascularization of the retina or disk, which often
leads to vitreous hemorrhage as well as multiple superficial retinal hemorrhages.

Anterior uveitis is uncommon in Eales’ disease. However, in the severe active
periphlebitis stage, spillover anterior uveitis may occur. Such anterior uveitis is always
nongranulomatous. The presence of granulomatous anterior uveitis should lead one to
suspect sarcoid uveitis, which mimics Eales’ disease. Hypopyon is not seen in Eales’
disease, and hypopyon with retinal vasculitis may indicate Behçet’s disease (6)6 .

Ophthalmoscopic findings in Eales’ disease often vary and depend on the stage of
the disease. Arterioles are sometimes affected along with the veins. Typically, active
perivasculitis with exudates around the retinal veins is seen involving one or more
quadrants. Such exudates are often found to be associated with superficial retinal
hemorrhages (Fig. 1).

Healed perivasculitis is often seen as the sheathing of the retinal veins. Other vascu-
lar changes includes sclerosed cord of venules, irregularity of vein caliber, pigmenta-
tion along venules, kinky venules, abnormal vascular anastomosis, and veins pulled
into the vitreous cavity (2,3,7)7 .

Active or healed choroiditis is not seen in Eales’ disease. However, a few small
chorioretinal atrophic patches close to the retinal vessels are seen (7)7 .

Central retinal periphlebitis is markedly uncommon compared with peripheral retinal
periphlebitis (2,3,8). Such central involvement is often limited to one or more venous
trunks. This is classified as central Eales, a variant of classical Eales’ disease (8). Macular
changes are relatively uncommon (9). The most common macular change seen is macular
edema. Other changes included exudates in the macula and epimacular membrane.

Peripheral retinal neovascularization of the retina is quite frequently seen in Eales’
disease (2,3,7)7 (Fig. 2). Optic disk neovascularization is significantly uncommon (2–4).
Dense vitritis is uncommon in Eales’ disease. However, mild overlying vitreous haze
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Fig. 1. Montage fundus photograph of a case of Eales’ disease showing multiple patches
of active retinal periphlebitis. See color version on companion CD.



can be seen in the area of active retinal vasculitis. Recurrent vitreous hemorrhage is
often the hallmark of this disease. The cause of vitreous hemorrhage in such eyes is
often bleeding from retinal or disk neovascularization, but it can also occur due to rupture
of capillaries or large venules during the active inflammatory stage (10).

DIAGNOSIS

Fundus Fluorescein Angiography

Though not routinely needed to distinguish all cases of Eales’ disease, fundus fluo-
rescein angiography (FFA) is particularly beneficial in the ischemic stage to delineate
areas of capillary nonperfusion, retinal and/or optic disk neovascularization, and ques-
tionable macular edema. In cases of active retinal vasculitis, staining of the veins can
be seen in the early venous phase with extravasation of the dye in the late phase. Venous
obstruction and venous stasis can be well visualized by FFA, which will show complete
nonperfusion, or relative dilation and tortuosity of veins distal to the stasis. Areas of
capillary closure, engorged and tortous capillaries, and venovenous shunts can also be
seen in the ischemic stage of the disease.

The extent and location of neovascularization can be precisely delineated by FFA.
Neovascularization, if present, can be quite characteristic with a sea-fan appearance with
intense hyperfluorescence in the early arteriovenous phases of the fundus fluorescein
angiogram (Fig. 3). Such neovascularization, when located in the far periphery, can be
missed on routine FFA, unless a wide-angle lens is used. 

FFA often helps to delineate the location and extent of retinal ischemia and can be of
guidance while performing laser photocoagulation. It also helps to evaluate the ade-
quacy of photocoagulation and the need for additional laser photocoagulation, when
FFA is repeated on a follow-up visit. 
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Fig. 2. Fundus photograph of case of Eales’ disease in proliferative stage showing neovascular
frond in the periphery. See color version on companion CD.



Ultrasonography

Ultrasonography (USG) is needed to rule out any associated retinal detachment,
either tractional, rhegmatogenous, or combined, in an eye with opaque media. Early
vitreous surgery is indicated if such association is demonstrated. USG usually reveals
echoes of variable density, depending on the compaction of vitreous hemorrhage.
Subhyaloid echoes may also be seen. Both incomplete and complete posterior vitreous
detachment with or without tractional retinal detachment can be seen. Membranes in
the vitreous cavity, vitreoschisis, and fibrovascular proliferation may be demonstrated.
Associated retinal detachment, usually tractional or combined, is sometimes seen.

NATURAL COURSE

The natural course of Eales’ disease is quite variable. Classically, an active perivas-
culitis stage leads to an ischemic stage followed by neovascularization of the retina and
subsequent recurrent vitreous hemorrhage. Some patients may lose vision significantly
due to recurrent episodes of vitreous hemorrhage, macular changes, and tractional or
combined retinal detachment involving macula. In others, a temporary or permanent
regression of the disease is noted. Blindness due to Eales’ disease is rare (10).

Charmis has classified Eales’ disease into four stages (12):

Stage I: Very early in evolution and characterized by mild periphlebitis of small peripheral
retinal capillaries, arterioles, and venules detected by ophthalmoscopy.

Stage II: Perivasculitis of the venous capillary system is widespread, larger veins are affected,
as are the arterioles lying by the side of affected veins. Vitreous haze is manifested.
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Fig. 3. Montage photograph of fundus fluorescein angiogram showing areas of capillary
closure, engorged and tortuous capillaries, venovenous shunts, and leaking neovascular frond
in lower nasal quadrant.



Stage III: New vessel formation with abundant hemorrhage in the retina and vitreous humor
is observed.

Stage IV: End result of massive and recurrent vitreous hemorrhages with retinitis prolifer-
ans and traction retinal detachment.

Saxena and Kumar (51) have recently proposed a new classification system:
Peripheral disease consists of four stages:

Stage 1 is periphlebitis of small (1a) and large (1b) caliber vessels with superficial retinal
hemorrhages.
Stage 2a denotes capillary nonperfusion and 2b neovascularization elsewhere/of the disk.
Stage 3a is classified as fibrovascular proliferation and 3b vitreous hemorrhage.
Stage 4a is traction/combined rhegmatogenous retinal detachment, whereas 4b is rubeosis
iridis, neovascular glaucoma, complicated cataract, and optic atrophy (peripheral type).

ETIOPATHOGENESIS

The etiopathogenesis of Eales’ disease still remains unclear in spite of several clinical
and basic studies. Systemic association with several diseases, in particular tuberculosis,
has been described (7,13–15).

The list of the systemic diseases associated with Eales’ disease is summarized in
Table 1 (3).

BIOCHEMICAL STUDIES

Several biochemical studies have been done on the serum and vitreous samples of
patients with Eales’ disease. Raised globulins and decreased albumin levels in the serum
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Table 1
Systemic Diseases Associated With Eales’ Disease

Tuberculosis
Hypersensitivity to tuberculoprotein
Thromboangitis obliterans
Neurological disease

Multiple sclerosis
Acute or subacute myelopathy
Multifocal white matter abnormality
Cerebral stroke
Others

Focal sepsis
Hematological abnormalities

Acanthocytosis
Increased plasma viscosity, erythrocyte rigidity, and erythrocyte aggregation
Hypereosinophilia
Blood coagulation disorder
Impaired oxygen release from blood
Raised fibrinolytic activity

Vestibuloauditory dysfunction
Parasitic infection (amoebiasis, ascariasis)
Others



samples of patients with Eales’ disease have been found (16). A distinct protein with
molecular weight of around 23 kDa in the serum of Eales’ disease patients has been
discovered (17)7 . This protein could have angiogenic property.

Oxidative stress has been implicated in the pathogenesis of various diseases. In
uveitis, the damage inflicted on the ocular tissues due to reactive oxygen species has
been reported (18,19). Elevated lipid peroxides have been found in retinal neovascular-
ization in cases of diabetic retinopathy where there was no inflammation (20).

It has been predicted that in Eales’ disease with inflammation and neovascularization,
free radicals and lipid peroxide products might accumulate due to oxidant insult over-
powering antioxidant defense. Accumulation of thiobarbituric acid reacting substances
(TBARS) is an index of the production of excessive oxidants, whereas a deficiency of
vitamin C and E is an indication of the weakened antioxidant defense (21,22). Increased
accumulation of lipid peroxides and decreased activities of superoxide dismutase and
glutathione peroxidase with simultaneous depletion of glutathione in the vitreous of
Eales’ disease patients have been found. These findings strongly suggest that oxidant
stress plays an important role in the pathogenesis of Eales’ disease (23). An 88-kDa
protein has been identified from the serum and vitreous of Eales’ disease patients (24).

DIFFERENTIAL DIAGNOSIS AND INVESTIGATION

Differential diagnosis of Eales’ disease depends on the stage of presentation of the
disease. Clinical presentation can be one of the following (25–38):

1. Peripheral retinal perivasculitis in one or both the eyes.
2. Neovascular proliferation of the retina or optic disk with peripheral retinal perivasculitis in

the same or the other eye.
3. Vitreous hemorrhage with peripheral retinal perivasculitis in the same or the other eye. 

In the last two situations, in young healthy adults in the Indian subcontinent, a strong
clinical suspicion of Eales’ disease is quite justified.

Sarcoidosis can often mimic Eales’ disease in the active inflammatory stage.
Therefore, investigations for sarcoidosis should be included in the lists of investigations
for Eales’ disease (see Table 2 for complete list). In case of vitreous hemorrhage, the
investigations of Eales’ disease can be limited to exclusion of diabetes (particularly
juvenile diabetes), sickle cell disease, sarcoidosis, and leukemia. Pars planitis patients
can have retinal periphlebitis close to pars plana exudates. However, retinal hemor-
rhages, vascular alteration, and retinal neovascularization (which is often seen in Eales’
disease) are absent in pars planitis. Conditions that mimic Eales’ disease are listed in
Tables 3 and 4.

MANAGEMENT

The management of Eales’ disease depends on the stage of the disease. It includes
nontreatment with periodic evaluation in the regressed stage of periphlebitis or fresh vit-
reous hemorrhage, treatment with oral or periocular steroids in the active perivasculitis
stage, and laser photocogulation in case of neovascularization of the retina or optic disk,
or gross capillary nonperfusion. Vitreous surgery is indicated in nonresolving vitreous
hemorrhage (usually more than 3 mo). Any associated retinal detachment will, however,
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warrant early vitreoretinal surgery. The role of anticoagulant hyperbaric oxygen (40) and
antitubercular therapy remains controversial. 

Observation

Patients with inactive retinal vasculitis can be observed periodically at 6-mo to 1-yr
intervals. Patients with fresh vitreous hemorrhage also are asked for observation at
intervals of 4 to 6 wk if the underlying retina is found, by indirect ophthalmoscopy or
by ultrasound, to be attached. Such vitreous hemorrhage often clears by 6 to 8 wk.
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Table 2
Investigations for Eales’ Disease

To rule out leukemia and hemotological disease:
• Hemoglobin (Hb) and hematocrit (polypoidal choroidal vasculopathy)
• Total red blood cell count
• Total white blood cell count and differential count

Other tests:
• Platelet count
• Erythrocyte sedimentation rate
• Reticulocyte count
• Postprandial blood sugar
• Stool analysis
• Mantoux test
• Basic coagulation test
• Bleeding time
• Clotting time
• Clot retraction
• Plasma clotting time
• Sickle cell preparation
• Hemoglobin electrophoresis (sickle cell retinopathy)
• Immunoglobin profile 
• VDRL and treponema
• Pallidum hemagglutination test (TPHA)
• Antinuclear antibody (systemic lupus erythematosus and other collagen diseases)
• Serum angiotensin-converting enzyme (sarcoidosis)
• Lysozyme (sarcoidosis)

Radiological tests:
• Chest X-ray (tuberculosis and sarcoidosis)

Table 3
Proliferative Vascular Retinopathy Mimicking Eales’ Disease

Systemic Ocular

Diabetes mellitus Branch retinal vein occlusion
Sarcoidosis Central retinal vein occlusion
Sickle cell disease Coats’ disease

Pars planitis
Dragged disk syndrome (39)



Medical Therapy

Corticosteroids remain the mainstay of therapy in the active perivasculitis stage of
Eales’ disease (41). Dosage must be tailored for each patient on the basis of severity of
inflammation (quadrants of retina involved). In the majority of cases, oral prednisolone,
1 mg/kg of body weight, is needed. This is tapered to 10 mg/wk over 6 to 8 wk. Some
patients may require a maintenance dose of 15 to 20 mg oral prednisolone per day for
1 to 2 mo. In case of associated macular edema, one may add periocular depot steroid
injection. Systemic steroids (1 mg/kg of body weight) and posterior subtenon injection
of steroid (40 mg/mL triamcinolone acetonide) were found beneficial if there was
involvement of three quadrants with cystoid macular edema. Systemic corticosteroids
alone were helpful when there was two-quadrant involvement. In the case of one-
quadrant involvement, periocular corticosteroids were administered. The need for
cyclosporine or other immunosuppressive agents is limited in Eales’ disease patients. In
patients who do not respond to systemic steroids or have unacceptable side effects due
to oral corticosteroids, usage of immunosuppressive agents such as cyclosporine or
azathioprine is recommended (42). As many investigators believe that hypersensitivity
to tuberculoproteins plays a role in the etiology of Eales’ disease, antitubercular treat-
ment (ATT) has been given in Eales’ disease empirically. The ATT regimen included two
drugs (450 mg rifampicin and 300 mg isonazid once daily) for a period of 9 mo (43).
However, the role of ATT drugs in the treatment of this disease remains controversial.

Photocoagulation

Photocoagulation is the mainstay of therapy in the proliferative stage of Eales’ disease.
In cases of gross capillary nonperfusion, photocoagulation is suggested. Argon green
laser is most commonly used, but in cases of significant cataract or mild vitreous
hemorrhage, red krypton laser can be used effectively (44). Such a laser can now be
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Table 4
Retinal Vasculitis Mimicking Eales’ Disease

Systemic Ocular

Behçet’s disease Bird-shot choroidopathy
Leukemia Coats’ disease
Chronic myelogenous leukemia Pars planitis
Lyme borreliosis Viral retinitis
Multiple sclerosis IRVAN (idiopathic retinal vasculitis, aneurysms,

and neuroretinitis)
Sarcoidosis Idiopathic central serous chorioretinopathy
Syphilis Retinal macroaneurysms
Systemic lupus erythematosus
Toxocariasis
Toxoplasmosis
Wegener’s granulomatosis
Large-cell lymphoma
Acute multifocal hemorrhagic vasculitis



delivered through either a slit-lamp delivery system or an indirect ophthalmoscope.
Following vitrectomy, an endolaser probe or indirect ophthalmoscope laser can be used
for laser delivery on the operating table. The aim of photocoagulation in Eales’ disease
is to regulate the circulation by diverting blood from hypoxic areas to healthy retina,
thereby decreasing the formation of vasoproliferative factors, to obliterate surface neo-
vascularization, and to close leaking intraretinal microvascular abnormalities.
Panretinal photocoagulation is necessary when there is optic disk neovascularization.
Laser photocoagulation is not advised in the active inflammatory stage, as there is
chance of worsening of neovascularization due to several angiogenic factors liberated.
Once the inflammation has subsided reasonably with antiinflammatory medications,
such as corticosteroids, laser photocoagulation can be done.

Vitreoretinal Surgery

Vitrectomy alone or combined with other vitreoretinal surgical procedures is often
required in Eales’ disease (45–47)7 . Vitreous hemorrhage occurs quite frequently and is,
in fact, the prime cause of visual loss.The vitreous hemorrhage usually clears between
6 and 8 wk. Ultrasonography should always be performed to exclude the presence of an
associated retinal detachment. Cases of nonresolving vitreous hemorrhage with obscu-
ration of central vision of 3 mo duration may be subjected to vitrectomy. In the pres-
ence of tractional retinal detachment, extensive vitreous membranes, or epimacular
membranes, early vitrectomy can be considered. The aim of vitreous surgery is to clear
the vitreous opacities and also to evaluate the fundus for any retinal neovascularization.
Along with vitrectomy, laser photocoagulation can be performed by endophotocoagu-
lation or indirect laser delivery system. Vitrectomy in Eales’ disease is less complicated
than in proliferative diabetic retinopathy. A standard three-port pars plana vitrectomy is
the method of choice.

Anterior Retinal Cryoablation

Anterior retinal cryoablation (ARC) has been successfully tried in eyes with vitreous
hemorrhage caused by proliferative diabetic retinopathy (48–50). Although primary
ARC is considered in cases of small undilating pupils, hazy ocular media due to
cataract, after cataract, or residual vitreous hemorrhage in Eales’ disease, it is usually
reserved as an adjunct to photocoagulation in Eales’ disease.
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INTRODUCTION

The development of a tumor is dependent on a number of genetic and epigenetic
changes. An important step for the propagation and progression of many solid tumors
is the induction of a tumor vasculature, i.e., “the angiogenic switch” (1,2). This ensures
an adequate supply of oxygen and metabolites for tumor growth and metastasis. This
switch is activated when the angiogenic balance tips in favor of proangiogenesis; this
results in the increased production of proangiogenic factors and/or downregulation of
antiangiogenic factors. The angiogenic switch may occur at any stage of tumor
progression, depending on the nature of the tumor and the microenvironment. However,
tumor angiogenesis differs from physiological angiogenesis in several respects: the
vascular structure, the endothelial cell and pericyte interactions, blood flow, increased
permeability, and delayed maturation (3–6; Table 1).

Tumor blood vessels are typically irregularly shaped, dilated, and tortuous, and can
have closed ends. They are not organized into definitive venules, arterioles, or capillaries,
and the smooth muscle cells/pericytes are more loosely arranged as compared with normal
tissue. This vascular network is consequently often “leaky” and hemorrhagic. These
abnormal features are the result of the disproportionate expression of angiogenesis
cytokines and inhibitors, which are tumor-dependent and reflect the pathological nature
of this process. Therefore, successful targeting of the tumor vasculature in cancer therapy
can best be achieved if the phenotypic characteristics of these vessels are adequately
addressed. There is a great need for developing reliable methods that would allow for
recognition of a tumor’s vascular qualities and thus guide antiangiogenic therapies. The
potential contribution of the altered expression of anti- and/or proangiogenic factors
during the development and progression of ocular tumors remains largely unexplored.
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ANGIOGENESIS

Angiogenesis, the process of the formation of new blood vessels from preexisting
capillaries, is tightly regulated and normally does not occur except during develop-
ment, wound healing, and the formation of the corpus luteum in the female reproduc-
tive cycle. This strict regulation is manifested by a balanced production of positive and
negative factors, which keeps angiogenesis in check (1). However, this balance becomes
abrogated under various pathological conditions, such as cancer development, resulting
in the growth of new vessels. It is now well accepted that the progressive growth and
metastasis of many solid tumors are dependent on the growth of new vessels. Therefore,
there has been great interest in understanding the molecular and cellular mechanisms
that go awry during tumorigenesis, resulting in the acquisition of an angiogenic pheno-
type. In addition, this knowledge has been exploited in the development of agents that
can inhibit angiogenesis as a means of stopping tumorigenesis dead in its tracks.

There has been great progress in understanding the process of angiogenesis and the
identification of many factors that have pro- or antiangiogenic activity. Although proan-
giogenic factors were believed to be involved in promoting angiogenesis for quite some
time, it was not until the early 1990s that the potential contribution of antiangiogenic
factors to this process began to be appreciated (7)7 . There is now a growing list of natu-
rally occurring inhibitors of angiogenesis whose altered expression is shown to con-
tribute to the angiogenic phenotypes of a variety of tumors (Table 2). One of the first of
these to be identified was thrombospondin-1 (TSP1), whose expression was downregu-
lated during malignant transformation (7,8). TSP1 expression was subsequently demon-
strated to be downregulated in a variety of tumors, perhaps through inactivation of
tumor suppressor genes such as p53. In addition, reexpression of TSP1 in these tumors
suppresses their aggressive growth and metastasis (7,8). This is believed to be mediated
through the antiangiogenic activity of TSP1.

TSP1 inhibits angiogenesis in vivo and endothelial cell proliferation and migration
in vitro (7,8). These activities of TSP1 are mediated through its interaction with CD36,
a scavenger receptor expressed on the surface of microvascular endothelial cells (8).
TSP1 promotes apoptosis of endothelial cells through the activation of caspases and
Jun N-terminal kinase (JNK) signaling pathways, as well as downregulation of bcl-2
expression in vivo and in vitro (8). TSP1 has been shown to be an important regulator
of the endothelial cell phenotype, and its expression promotes the quiescent, differenti-
ated phenotype of the endothelium (7)7 . In fact, TSP1-deficient mice exhibit increased
retinal vascular density from a defect in vascular pruning and remodeling during later
stages of vascular development (9). The regression of hyaloid vessels is also delayed in
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Table 1
Abnormalities Associated With Tumor Vasculature

Excessive proliferation
Defective structure
Lack of lymphatic system
Lack of local control mechanisms
Aberrant perfusion



TSP1-deficient mice. Therefore, the tightly regulated, balanced expression of anti-
angiogenic factors, such as TSP1, along with that of proangiogenic factors, such as vas-
cular endothelial growth factor (VEGF), play an important role in ocular vascular
development and angiogenesis. A better understanding of the potential mechanisms
that may contribute to acquisition of an angiogenic phenotype during progression and
metastasis of ocular tumors will provide further insight into how these tumors develop
and lead to alternative modalities in treating them.

Angiogenesis as a Biological Target for Cancer Therapy

For three decades, Judah Folkman has believed that attacking the growth of blood
vessels that feed growing tumors would be an effective therapeutic strategy. A key find-
ing in the development of this idea was the discovery that an essential step in the pro-
gression of a tumor from the benign to the malignant state is the “angiogenic switch”
discussed above (10). This switch, as previously noted, turns on the production or acti-
vation of angiogenic factors by the tumor cells and in many cases also turns off produc-
tion of inhibitors of angiogenesis (11). A different version of this switch is found in
tumors that inhibit growth of their own metastases by release or activation of angio-
genic inhibitors such as angiostatin and endostatin (12,13). These are fragments of
plasminogen and collagen XVIII, respectively. Even though their mechanisms of action
remain largely undefined, they establish the principle of angiostatic therapy as an effec-
tive means of controlling the growth of tumors. As long as the inhibitors circulate,
metastases seeded in distant organs remain dormant, and grow and become readily
detected only after resection of the primary tumor mass. In a different approach, Brooks
and colleagues found that the αVβ3 integrin is preferentially expressed on angiogenic
vessels, and the blockade of the RGD binding site of the integrin with a monoclonal
antibody or peptides could inhibit vascularization of tumors, the retina, and arthritic
disease (14–16). Several small-molecule inhibitors and humanized anti-αVβ3 are in
clinical trials as cancer therapies.
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Table 2
Endogenous Regulators of Angiogenesis

Activators Inhibitors

Vascular endothelial growth factors Thrombospondin-1
Fibroblast growth factors Angiostatin
Platelet-derived growth factor B Endostatin
Epidermal growth factor Capstatin
Lysophosphatidic acid Tumstatin
Interleukin-8 Capsaicin
Tumor necrosis factor-α PEDF
Angiogenin PF4
Hepatocyte growth factor Interferon-α
Placental growth factor Interferon-β
Transforming growth factor (TGF)-α Maspin
TGF-β Vasostatin



The development of tumor vasculature is dependent on the proliferation and migra-
tion of endothelial cells to provide nutrients and oxygen to the tumor. Therefore, tumor
endothelial cells have become an important target in the development of antiangiogen-
esis drugs. Targeting these cells that support tumor growth offers several unique advan-
tages over conventional cytotoxic chemotherapy. The early recruitment of endothelial
cells during tumor angiogenesis provides an opportunity to inhibit tumor vessel growth
early. Endothelial cells are genetically stable and are less likely to accumulate muta-
tions that enable them to acquire a drug-resistant phenotype. They are also easily acces-
sible through the bloodstream, allowing optimal delivery and homogeneous distribution
of the drug within the tumor. In addition, the loss of even a small number of capillaries
within the tumor may amplify an antiangiogenic effect (3–6)6 . These potentially thera-
peutic advantages have inspired the development of additional new angiogenesis
inhibitors that target a variety of endothelial cell effector molecules, which work
together to mediate specific steps in the angiogenesis process. A number of such mole-
cules have been shown to effectively inhibit tumor growth in various animal models
and are at various stages of clinical trials (17)7 . These include various protease inhibitors,
including marimastat (a synthetic MMP1 inhibitor), which is in phase III clinical trials
for breast cancer, lung cancer, pancreatic cancer, and glioma. Other inhibitors of angio-
genesis include direct inhibitors of endothelial cell proliferation and migration, such as
TNP470, endostatin, and angiostatin. Antagonists of angiogenic growth factors, such as
VEGF antibody, angiozyme (a ribozyme that attenuates VEGF receptors’ mRNA), and
SU6668 (which blocks growth factor receptor signaling) are all at different stages of
clinical trials and showing good efficacy (17)7 . The significance of these findings is
clear: Angiostatic therapy is feasible and within our reach. Given the devastating impact
of angiogenesis-dependent diseases, the diversity of their origin and etiology, and the
early stage of this promising approach for treatment, it seems prudent to pursue all sen-
sible leads toward the goal of identifying and testing candidates for angiostatic therapy.
The list of compounds with antiangiogenic activity is growing rapidly. In view of the
heterogeneity of tumors and their different mechanisms of development, combination
therapy may be more effective than monotherapy. However, the success of these modal-
ities is highly dependent on a complete understanding of the drugs’ mechanisms of
action and the stage of angiogenesis at which they are most effective.

Angiogenesis and Ocular Tumors 

Uveal melanoma and retinoblastoma, which occur in the eyes of adults and children,
have been a major focus for research in ocular oncology. Although the role of angio-
genesis has been extensively studied and is utilized as a means of therapy in many
types of tumors, its contribution to the development and progression of ocular tumors
has been specifically studied only in the past several years. Recent investigations indi-
cate that angiogenesis plays an integral role in the progression and metastasis of these
ocular tumors, and antiangiogenic therapy may provide an additional alternative in the
treatments of these cancers (18–25).

Uveal Melanoma

Uveal melanoma is the most common primary intraocular tumor in humans, and it
occurs in a nonhereditary, sporadic manner (26). The majority of uveal melanomas
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occur in the choroid and/or ciliary body, whereas a lower percentage occurs in the iris.
The lack of a hereditary pattern or association with an inherited condition has greatly
hampered the search for causative genes in uveal melanoma. This is in contrast to
retinoblastoma, where the hereditary pattern led to discovery of the first tumor sup-
pressor gene (27)7 . Therefore, a major effort is being made to identify the cytogenetic
changes and mutations that may contribute to the development and progression of
uveal melanoma. A variety of new techniques, including differential display, serial
analysis of gene expression (SAGE), and DNA array analysis, has been employed in
this endeavor (28). These studies will provide further insight into the development and
progression of uveal melanoma and will enhance the ability to manage and treat this
disease.

Uveal melanomas are treated with enucleation, radiotherapy, transpupillary ther-
motherapy, laser photocoagulation, intravenous chemotherapy, immunotherapy, local
tumor resection, or a combination of these treatments (29). There is a range in mortal-
ity rates depending on the cell type and on the size and location of the tumor. The major
site of metastasis is the liver. Although acquisition of an angiogenic phenotype is essen-
tial for the malignant progression of a variety of solid tumors, its role in uveal
melanoma development and progression requires further delineation. Polans and col-
leagues have demonstrated that a number of genes, including those with important
roles in angiogenesis, are differentially expressed in melanoma cells with a more
metastatic and migratory phenotype (28,30).

These studies suggest that an angiogenic switch may occur in uveal melanomas. In
animal studies, removal of the primary tumor by enucleation is stated to promote
metastatic diseases (31). Therefore, in these models ocular tumors may produce anti-
angiogenic factors, such as angiostatin, which normally keep metastasis in check by
counterbalancing the activity of potential proangiogenic factors such as VEGF. Indeed,
some animal models of uveal melanomas produce angiostatin and appear to suppress
metastasis (31). However, it is not known whether this mechanism is operative in
humans and whether angiostatin therapy would be beneficial to uveal melanoma
patients at high risk for metastasis. Further studies are required to identify potential
changes in the expression of other antiangiogenic factors in uveal melanoma and to test
their efficacy in metastatic disease. The availability of animal models more closely
related to human tumors and human tumor cell lines (28,32) would be helpful.

Another recently identified characteristic of uveal melanoma cells is their apparent
ability to form vascular networks in the absence of endothelial cells, a phenomenon
referred to as “vascular mimicry.” These vascular networks have been stated to be devoid
of endothelial cells and are formed by more aggressive and metastatic cells (33). However,
recent gene array analyses indicate that these cells exhibit many characteristics of angio-
genic endothelial cells. They express VE-cadherin (an endothelial cell-specific marker),
as well as the VEGF receptor, and have increased metalloproteinase activity (34).
However, it is not clear whether aberrant expression of these genes is essential for the for-
mation of vascular networks or tumor metastases. Further characterization of the mecha-
nisms and factors involved in the formation of these vascular structures may provide
alternative methods to inhibit and/or interfere with the formation of these networks and
block tumor growth and metastasis.
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No single method has been shown to significantly alter the course of uveal
melanomas, prevent metastasis, or increase long-term survival. A range of therapeutic
options is currently available in the management of uveal melanomas (29). Although
methods and indications vary, a trend toward the usage of eye-sparing techniques when-
ever possible has emerged. However, only limited progress in the management of the
systemic disease has been achieved. A greater understanding of the biological events
associated with extraocular and systemic metastases is required. Therefore, delineation
of these pathways will allow the development of more effective therapies that might
move us closer to achieving all the goals of treatment, including curing the intraocular
tumor, preventing extraocular disease, and preserving the eye and vision. Understanding
the pathogenesis of intraocular pigmented tumors in transgenic mice should provide
further insights into the growth and metastatic properties of these tumors and lead to
the development of more effective treatments.

Retinoblastoma

Retinoblastoma is the most common primary intraocular tumor in children (35,36).
In the United States, this tumor presents most frequently as unilateral, usually spo-
radic tumors, and less frequently as bilateral hereditary tumors. If left untreated,
retinoblastoma is generally fatal. However, this childhood cancer has a high percent-
age of survival—more than 95% in the United States and Western Europe (36). The
extent of invasion of the retinoblastoma into ocular coats and the optic nerve is a major
risk factor. Many small tumors, if detected early, can be treated effectively using laser
therapy or cryotherapy. Unfortunately, many tumors are not detected until they are
larger and visible, which generally necessitates removal by enucleation of the affected
eye. Radiotherapy and chemotherapy are also used to treat more advanced disease
(36). However, these treatments, which are mutagenic, may increase the likelihood
that the surviving child will develop additional malignancies later in life. The progno-
sis for patients who develop metastatic disease is generally poor. Metastases can occur
directly by expansion and invasive growth of tumor cells along the optic nerve to the
brain, nasopharynx, or cranium, or may occur through the bloodstream or lymphatics.
Development of metastases is dependent on angiogenesis (23).

The primary goal of retinoblastoma treatment is to ensure the survival of these chil-
dren, as well as the retention of their eyes and of useful vision. Another goal is preven-
tion of facial bony deformities and other physical changes that can affect functional
well-being. Enucleation historically has been the most commonly employed technique
for treating retinoblastoma (36)6 . External-beam radiation therapy is usually employed
to preserve the vision of children with small tumors located within the macula. The
most serious complication is an increased risk of secondary nonocular tumors in chil-
dren with the genetic form of retinoblastoma. Therefore, focal treatments such as
cryotherapy and photocoagulation provide a desirable alternative.

Transgenic mouse models have been instrumental not only in the study of the
molecular genetics of retinoblastoma, but also in the in vivo evaluation of novel ther-
apeutic approaches (37–39). LH beta-Tag mice, in particular, are extensively used for
evaluating a wide range of therapeutic approaches for the treatment of retinoblastoma,
including delivery of standard chemotherapeutic agents, external-beam radiation, a
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variety of combined modality approaches, and several novel anticancer agents, some
with potential antiangiogenic activity (39). However, the contribution of angiogenesis
to the progression and metastasis of retinoblastoma has not been well documented.

The presence of calcification as a consistent feature of spontaneously cured or
regressed retinoblastoma has led to the hypothesis that vitamin D analogs may have
activity as chemotherapeutic agents in this tumor type. Systemic administration of vita-
min D3 to LH beta-Tag mice inhibits the growth and local extension of tumors in a
dose-dependent manner (40–42) and has been further demonstrated to inhibit angio-
genesis in this model (41). However, calcitriol or vitamin D2 treatment is associated
with significant toxicity, including hypercalcemia, weight loss, and death (39). In recent
years, a number of vitamin D analogs have been developed, several of which appear to
have greater antitumor activity with reduced side-effect toxicity. Two such analogs,
1,25-dihydroxy-16-ene-23-yne-vitamin D3 and 1-α-hydroxyvitamin D2, have also been
evaluated in LH beta-Tag mice, and these compounds showed comparable antitumor
activity with significant reduced systemic toxicity (39) compared with vitamin D3. Other
vitamin D analogs with much-reduced calcium toxicity are under development, and some
have shown significant activity against retinoblastoma. Although the primary mecha-
nism of action of vitamin D compounds against retinoblastoma appears to be apoptosis,
the molecular and cellular mechanisms that lead to cell death remain largely unex-
plored. Although tumors treated with vitamin D also show reduced vascular density, it
is not clearly demonstrated that these effects are due to vitamin D’s antiangiogenic
activity. However, in vitro and in vivo studies have demonstrated that vitamin D can
directly affect endothelial cell activity and inhibit angiogenesis (43–45).

The potential contribution of the angiogenic switch to the development and progres-
sion of retinoblastoma requires further investigation. Many retinoblastomas initially
develop near major retinal vessels and perhaps co-opt these as a source of nutrition and
oxygen. However, as the tumor grows, this need increases, resulting in extensive necro-
sis of the tumor. Recent studies indicate that the more invasive retinoblastomas are
more vascularized (25). Therefore, gaining an angiogenic phenotype may be essential
for the expansion and distant metastasis of retinoblastoma. In fact, as noted above,
treatment of mice bearing retinoblastomas with vitamin D analogs affects their vascu-
lature, which may contribute to inhibition of tumor growth (41). Therefore, there has
been an effort to better determine whether the inhibition of tumor growth is secondary
to the inhibition of angiogenesis. The expression of TSP1 and of pigment epithelium-
derived factor (PEDF), two proteins with antiangiogenic activity, has recently been
examined in Y79 retinoblastoma cells. Although Y79 cells produce significant amounts
of PEDF, they express little or no TSP1 (Fig. 1A). In addition, incubation of Y79 cells
with vitamin D resulted in increased expression of the cell cycle inhibitor P21 (Fig. 1B)
but did not significantly affect expression of TSP1. These results are consistent with
potential in vivo mechanisms of vitamin D action in xenograft models of human
retinoblastoma (42).

One hypothesis is that downregulation of TSP1 contributes to the malignant trans-
formation and progression of retinoblastoma. In fact, it has recently been observed that
reexpression of TSP1 in Y79 retinoblastoma cells has an adverse effect on their prolif-
eration in vitro and their tumor formation in vivo. Figure 2 shows that the tumor formed
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by Y79 cells that express TSP1 has reduced in volume approximately fivefold during 3
wk of growth. The effects of TSP1 expression on Y79 cells were dramatic and prohib-
ited their further characterization in culture. Therefore, downregulation of TSP1 expres-
sion, a naturally occurring inhibitor of angiogenesis, may contribute to the aggressive,
proliferative, and angiogenic phenotype of Y79 cells. However, a better understanding
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Fig. 1. Northern blot analysis of mRNA prepared from Y79 cells incubated with solvent control
or vitamin D for 3 d (10–7M). Five μg of Poly A+ RNA were run on a 1.2% formaldehyde/agarose
gel, transferred to Zeta-probe membrane, and probed with specific cDNA for thrombospondin
(TSP)1 (A) or p21 (B). Blot was also probed with GAPDH to control for loading. Please note
lack of TSP1 expression in Y79 cells and increased expression of p21 relative to GAPDH.

Fig. 2. Tumor formation by Y79 retinoblastoma cells in nude mice. Vector- or thrombospondin
(TSP)1-transfected Y79 cells (5 × 106/0.25 mL) were injected into the hind flank of nude mice
and tumor volumes were evaluated 3 wk after injection. Please note the increased volume of the
tumor formed by vector control cells (left) compared with TSP1-expressing cells (right).



of the role TSP1 plays in modulation of the Y79 cell phenotype will require a tightly
regulated expression system that allows inducible expression of TSP1 in these cells at
will, along with assessment of its effect on growth and differentiation in culture and
tumor formation in vivo.

Inhibition of angiogenesis has been the focus of many recent studies to inhibit tumor
growth and metastasis. Extensive efforts are under way to develop and test agents that
have antiangiogenic activity and that can be utilized to treat a variety of diseases with a
neovascular component (46)6 . As noted above, a better understanding of the molecular
and cellular mechanisms that lead to acquisition of the angiogenic phenotype in uveal
melanoma and retinoblastoma may provide further insight to the development of better
treatment modalities for these cancers. 

Other Ocular Tumors

There are additional ocular tumors, mostly benign, that are less common and as a
result have not been extensively studied. These include medulloepithelioma, astrocytic
hamartoma, combined hamartoma, and retinal capillary hemangiomas. Little is known
about the contribution of angiogenesis to the development and progression of these
tumors. Here, too, the development of animal models and cell lines for these tumors will
help to further delineate the contribution of angiogenesis to the progression and metas-
tasis of these tumors and enable the use of antiangiogenic factors for their treatment.

LIMITATIONS AND FUTURE DIRECTIONS

The failure of some antiangiogenesis therapies in recent years has led to a realization
that developing clinically useful antiangiogenic therapy is more challenging than origi-
nally thought. This reflects our limited understanding of tumor vessel biology and of
how tumor cells “cross-talk” with tumor-associated endothelial cells. We need to know
more about the redundancy of angiogenic factors. It is important to know what is unique
about tumor vessels compared to normal vessels. It is obvious that targeting one of
many potentially significant factors in tumor development may have a limited effect.
The unique gene expression profiles in tumor vessels should help to alleviate this con-
cern. The heterogeneity found in different types of tumors may affect the tumor vascu-
lature in dissimilar ways. A better understanding of how angiogenesis inhibitors affect
their target, and the consequences to surrounding tumor and stromal cells, is necessary
for successful translation into clinically relevant treatment. The most highly anticipated
outcome of this line of research is the identification of specific molecular changes that
contribute to the angiogenic switch and the consequent development of specific, more
effective antiangiogenic therapy.
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OCULAR ANGIOGENESIS: MORE COMMON INHERITED DISEASES
AND MECHANISMS 

Genetic Basis of Degenerative Aging Diseases

In considering inherited disease, one important distinction is between diseases with a
clear, unequivocal genetic cause and other diseases whose occurrence is influenced by
genetic factors, but whose causes are multifactorial. The first type, simple or Mendelian
inherited diseases, typically have a distinct mode of inheritance—autosomal dominant,
autosomal recessive or X-linked—and are the result of rare, pathogenic mutations with high
penetrance (presence of the mutation or mutations has a high likelihood of causing disease).
Examples of Mendelian diseases that include neovascularization are X-linked Norrie’s
disease (1) and autosomal dominant glaucoma caused by mutations in myocilin (2). Even
“simple” inherited diseases are genetically complicated, as mutations in different genes
may cause the same disease, and different mutations in the same gene may cause different
diseases. However, it is reasonable to assume that the cause of a Mendelian disease in a
given individual and family is one mutation only (or two, if recessive) in a specific gene.

In contrast, complex multifactorial diseases, such as the more commonly seen age-
related macular degeneration (AMD) and primary open-angle glaucoma (POAG), are
the result of interactions among genetic, environmental, and stochastic factors. Genetic
differences—that is, allelic differences—may play a role in increasing or decreasing
lifetime risk, or in determining clinical details, but the predisposing alleles may have
low to moderate penetrance; that is, the presence of a “mutation” is neither necessary
nor sufficient to cause disease in a specific affected individual. The contributing factors
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in a given individual may be multiple; more than one factor may segregate in a family;
and multiple genes and alleles may be involved in a collection of affected individuals.

In practice, there may be a continuum between simple and complex inherited diseases.
For example, digenic and triallelic forms of Mendelian retinal diseases are known (3–5).
Also, high-penetrance alleles may account for a fraction of AMD and POAG cases.
However, the distinction is useful because methods for finding mutations causing simple
inherited diseases are currently much more effective than methods focused on complex
diseases, and the implications for affected individuals and families are very different.

The differences between simple and complex genetic diseases have important
methodological consequences. Methods for identifying simple disease genes and muta-
tions are highly developed. These include gene mapping in families, positional gene
cloning, and mutation screening of known disease genes. More than 150 genes causing
inherited retinal diseases have been identified by these methods (6)6 , and at least a dozen
genes causing glaucoma have been found (7)7 . For broad categories of inherited retinal
disease, such as retinitis pigmentosa or Leber congenital amaurosis, sequencing of
known disease genes can detect pathogenic mutations in at least 50% of affected
individuals (8,9).

Methods for identifying genes and alleles contributing to complex diseases are
currently less effective. There are basically two approaches: linkage mapping or other
methods for observing segregation, and evaluation of candidate genes in affected indi-
viduals. Both approaches have been applied to large patient cohorts, with all the prob-
lems attendant to such studies: inconsistent clinical definitions, age and environmental
factors as cofactors, population heterogeneity, and the like. For mapping methods, the
goal is to find alleles, typically common alleles, that segregate with disease in siblings
or small nuclear families. A positive result may identify the chromosomal location of a
causative gene, but not the actual gene among, perhaps, scores of genes in the same
region. For candidate gene screening, the goal is to find either common alleles that
influence risk or rare, pathogenic mutations that, in aggregate, are common. Although
efforts to identify genetic factors associated with complex diseases such as AMD and
POAG have met with limited success to date, there are a number of notable, suggestive
associations, as discussed subsequently.

Despite the differences between simple and complex inherited diseases, investigation
of Mendelian diseases contributes directly to research on complex disorders, for several
reasons. First, Mendelian diseases serve as clinical models for complex diseases. For
example, a dominantly inherited form of macular degeneration, ARMD1, which maps
to chromosome 1q, is clinically similar to AMD (10), and several mapped forms of
inherited glaucoma are similar to POAG (7). Second, genes causing Mendelian
diseases are excellent candidates for genes affecting complex traits. For example,
variants of the hemicentin 1 gene, the probable cause of ARMD1, may be associated
with AMD (11). These candidate genes are relevant to both linkage mapping and gene
screening.

Third, in any large cohort of patients with complex diseases, a subset of individuals
will have a Mendelian disease, even though family history may be insufficient to estab-
lish the mode of inheritance. For these individuals, the recurrence risk may be much
higher than for individuals with complex disorders.
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Finally, identification of rare, Mendelian disease-causing genes contributes to under-
standing normal biology, which, in turn, applies to complex diseases. Any recent review
of ocular genetics proves this point.

Age-Related Macular Degeneration

Age-related macular degeneration also known as age-related maculopathy, is the
leading cause of legal blindness among individuals over the age of 65 in the Western
world (12).  It has been estimated to affect 1% of individuals in the 65- to 74-yr age
group and 11% of individuals over 85 yr of age in the United States.  It has been pre-
dicted that by 2030, 42 million Americans will have AMD or will be at risk of developing
it. It is currently more common than Alzheimer’s disease or Parkinson’s disease.

Several studies suggest that the cause of AMD in a proportion of patients may result
from a genetic predisposition. The molecular genetic analysis of AMD is hampered by
it being a late-onset disorder and often parents of an affected individual are deceased,
whereas the children have yet to manifest the clinical manifestations. Clinically, AMD
is a complex degenerative disorder involving the retinal pigment epithelium (RPE),
choriocapillaris, and retina and affects primarily, but not exclusively, the macular region
of the eye. Symptoms include central vision loss, metamorphopsia, and impaired light
adaptation.

Clinically, there are two forms of AMD:

1. An exudative or “wet” form, which is characterized by detachment of the RPE and/or devel-
opment of subretinal choroidal neovascular membranes. This form results in the most dam-
age and can result in blindness overnight from hemorrhaging, under the retina, which
originates from blood vessels that have aberrantly entered this area after crossing Bruch’s
membrane and the RPE. No genes have as yet been found to be associated with “wet” AMD.

2. A “dry” form, which is associated with drusen, within or beneath the RPE, and includes
mottling of the RPE and/or geographic atrophy.

There are other known genetic forms of macular degeneration, such as Stargardt
disease (STGD) (13), which has some similarity to dry AMD, and Sorsby fundus dystrophy
(SFD) (14), where the clinical picture is similar to the wet form of macular degeneration.
These macular degeneration diseases manifest clinical symptoms at an early age and
are therefore more amenable to genetic studies. More importantly, these macular
dystrophies share some similarities in their clinical and histopathological phenotypes
and it could therefore be expected that genetic and molecular investigations of these
conditions would contribute to the understanding of AMD.

Stargardt Disease

Stargardt disease is the most common hereditary macular dystrophy (MD) affecting
children; the prevalence is estimated to be about 1 in 10,000 (15). The condition is
characterized by central visual loss and atrophy of the RPE, and in the early stages of
the disease there may actually be a significant accumulation of lipofuscin-like
material within the macular RPE in a significant percentage of patients. This resembles
a “beaten bronze” appearance and has a distribution of ill-defined orange-yellow
flecks around the macula and/or the mid-periphery of the retina (13). STGD is
predominantly inherited as an autosomal recessive trait. The first genetic locus for
STGD, also the first mapped recessive form of MD, was localized to the short arm
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of chromosome 1 (1p21–p13) (16). This was achieved by linkage analysis using eight
families initially. Shortly thereafter, more families with a clinical phenotype consis-
tent with STGD and fundus flavimaculatus were also mapped to the same genetic
locus (13). These studies provided further supporting evidence for the hypothesis that
a mutation in a single gene was underlying STGD/fundus flavimaculatus. Four years
after the publication of this genetic localization, the disease-causing gene was identi-
fied as ABCR (retina-specific ABC transporter), which was later renamed ABCA4
(17)7 . ABCA4 was fully characterized in 1998 (18–20) and its genomic organization
revealed that it is a typical representation of the ATP-binding cassette (ABC) transporter
superfamily of genes.

Numerous studies using mutation analyses of ABCA4 have provided evidence
suggesting that it is perhaps the most polymorphic retinal gene studied to date
(21,58). More than 200 disease-causing mutations, ranging from single base
substitutions to deletions of several exons, have been identified in ABCA4 and the
majority of reported changes are missense mutations (22–25). Disease-causing
mutations in ABCA4 account for 66 to 80% of STGD-associated chromosomes
investigated (26).

Genes Causing Mendelian Forms of Macular Degeneration and Other Mendelian Retinal
Diseases with Angiogenesis

ABCA4 has been implicated in several clinical distinct retinal phenotypes, which
include:

1. Autosomal recessive STGD (17).7
2. Autosomal recessive retinitis pigmentosa (RP), RP19 (27).7
3. Autosomal recessive cone-rod dystrophy (CRD) (28).
4. Age-related macular degeneration (29).

Two surveys suggest an association between AMD and common allelic variants at
the ABCA4 locus (17,29,30). However, as stated previously, the ABCA4 locus harbors
an astonishing number of polymorphic variants in human populations (31), so it is very
difficult to detect an association, if any, between these variants and a common disorder
such as AMD. Indeed, other studies do not support an association (32). This question is
therefore still under investigation and there is still a great deal of controversy around
the reports of this association between ABCA4 and AMD (33).

Table 1 lists genes known to cause Mendelian forms of macular degeneration or
macular diseases with clinical features in common with AMD. As has been discussed
above for ABCA4, for several genes, different mutations in the same gene may cause
different disorders. For example, mutations in the RDS gene, on 6p, may cause domi-
nant retinitis pigmentosa, macular dystrophy, or pattern dystrophies, or may contribute
to digenic disease (3,4). Thus some genes listed in Table 1 have multiple entries in the
disease(s) column. Undoubtedly, further molecular investigation of these genes may
provide information about the understanding of macular degeneration, specifically the
complex multifactorial ARMD.

Table 2 lists genes known to cause Mendelian forms of disease that include retinal
angiogenesis among their symptoms. As with genes causing macular degeneration,
multiple diseases may be associated with one gene.
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Table 1
Genes Causing Mendelian Forms of Macular Degeneration (MD)

Symbol
Location Protein Disease(s) References

ABCA4 ATP-binding 1. Recessive Stargardt disease, 17
1p22.1 cassette juvenile and late onset 28

transporter— 2. Recessive MD 16
retinal 3. Recessive retinitis pigmentosa (RP) 27

4. Recessive fundus flavimaculatus 49
5. Recessive cone-rod dystrophy 50

51
52

ARMD1 Hemicentin 1 Dominant MD, age-related 10
1q31.1 11
EFEMP1 Epidermal growth factor- 1. Dominant radial, macular drusen 53
2p16.1 containing fibrillin- 2. Dominant Doyne honeycomb 54

like extracellular retinal degeneration (Malattia 40
matrix protein 1 Leventinese)

STGD 4p Unknown Dominant MD, Stargardt-like 55
MCDR3 Unknown Dominant MD 56
5p15.33–
p13.1
BSMD Unknown Dominant MD, butterfly-shaped 57
5q21.2–q33.2
RDS Peripherin 2 1. Dominant RP 58
6p21.2 2. Dominant MD 59

3. Digenic RP with ROM1 60
4. Dominant MD, adult vitelliform type 61

3
4

BCMAD Unknown Dominant MD, benign concentric 62
6p12.3–q16 annular
MCDR1 Unknown 1. Dominant MD, North Carolina type 63
6q14–q16.2 2. Dominant progressive bifocal 64

chorioretinal atrophy
ELOVL4 Elongation of very long Dominant MD, Stargardt-like 65
6q14.1 fatty acids protein 66

67
MDDC Dominant MD, cystoid 68
7p21–p15 69
VMD2
11q12.3 Bestrophin Dominant MD, Best type 70

71
72

C1QTNF5 C1q and tumor necrosis- Dominant MD, late onset 73
11q23.3 related protein 5 

collagen

(Continued)



From these lists it is clear that the two approaches to finding genes contributing to
AMD, linkage mapping and candidate gene screening, have implicated several genes.
Numerous genome-wide linkage studies have identified chromosomal sites that are
likely to harbor AMD-related genes (34–38). The reports are discouraging, in one sense,
because each independent study identified a different set of possible linked locations.
However, two locations, 1q31 and 10q26, show significant association with AMD in
three or more studies. Of these, the potential AMD gene on 10q is not known but the 1q
gene may have been found.

The chromosome 1 site linked to AMD overlaps with the Mendelian ARMD1 locus
(10). Recent evidence suggests that the gene causing ARMD1 produces hemicentin 1, a
retinal-expressed extracellular matrix protein of unknown function. Rare missense changes
in hemicentin 1 have also been found in AMD patients (11). This association is supported
by linkage evidence (35) but not by subsequent sequencing studies (34). In summary, it is
likely that a major gene influencing AMD maps to 1q31 at or near the ARMD1 locus, the
ARMD1 gene may also be the AMD gene, and mutations in hemicentin 1 are the
probable cause of ARMD1.

Essentially all the potential candidate genes in Table 1 have been tested in AMD
patients, by both linkage mapping and sequencing. Most are not associated with AMD,
although individuals with rare pathogenic, high-penetrance mutations at any of these
loci may be among the AMD patients.

Recently, a gene not yet known to cause Mendelian disease, fibulin 5, has been asso-
ciated with AMD (39). The fibulin 5 gene (FBLN5) maps to human chromosome
14q32, a region not previously implicated by linkage mapping. The fibulin 5 protein is
similar to fibulin 3 (EFEMP1 on 2p), mutations that cause Doyne honeycomb retinal
dystrophy, a Mendelian disorder with similarities to AMD (40). Screening the FBLN5
gene in patients and controls revealed apparent dominant-acting missense mutations in
1.7% of AMD patients.

If supported by subsequent studies, FBLN5 joins other possible AMD genes that
affect few patients per gene, but account for larger numbers in aggregate. This model
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Table 1 (Continued)

Symbol
Location Protein Disease(s) References

TIMP3 Tissue inhibitor of Dominant MD, Sorsby’s fundus 74
22q12.3 metalloproteinases-3 dystrophy 75

76
14

RPGR Retinitis pigmentosa 1. Recessive X-linked RP 77
Xp11.4 GTPase regulator 2. Dominant X-linked RP 78

3. Dominant X-linked congenital 79
stationary night blindness

4. X-linked cone dystrophy 1 80
5. Recessive X-linked atrophic MD 81

82
83
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Table 2
Genes Causing Mendelian Retinal Diseases with Angiogenesis

Symbol
Location Protein Disease(s) References

COL11A1 Collagen, type XI, α 1 1. Dominant Stickler syndrome, type II 84
1p21.1 2. Dominant Marshall 85

syndrome
CRB1 Crumbs homology 1 1. Recessive RP with para-arteriolar 86
1q31.3 preservation of the RPE (PPRPE) 87

2. Recessive RP 88
3. Recessive Leber congenital 89

amaurosis 90
91
92

CRV Dominant hereditary vascular 93
3p21.3–p21.1 retinopathy with Raynaud 94

phenomenon and migraine 95
WGN1 Dominant Wagner disease and erosive 96
5q13–q14 vitreoretinopathy 97
EVR3 Dominant familial exudative 47
11p13–p12 vitreoretinopathy
FZD4 Frizzled-4 Wnt receptor Dominant familial exudative 98
11q14.2 homolog vitreoretinopathy 99

49
VRNI Dominant neovascular inflammatory 100
11q13 vitreoretinopathy
LRP5 Low-density lipoprotein 1. Dominant familial exudative 101
11q13.2 receptor-related vitreoretinopathy

protein 5 2. Dominant high bone mass trait 102
3. Recessive osteoporosis-pseudoglioma 103

syndrome
4. Recessive FEVR

COL2A1 Collagen, type II, α 1 1. Dominant Stickler syndrome, type I 104
12q13.11 2. Dominant Wagner syndrome 105

3. Dominant epiphyseal dysplasia 106
ABCC6 ATP-binding casette, 1. Recessive pseudoxanthoma elasticum 107
16p13.11 subfamily C, 2. Dominant pseudoxanthoma 108

member 6 elasticum 109
110
111

NDP Norrie disease protein 1. Norrie’s disease 112
Xp11.3 2. Familial exudative vitreoretinopathy 113

3. Coats’ disease 114,115
116
117

CSNB, congenital stationary night blindness; FEVR, familial exudative vitreoretinopathy; MD, macular
degeneration; RP, retinitis pigmentosa; RPE, retinal pigment epithelium.



is distinct from the possibility of common polymorphic alleles at a locus affecting life-
time risk, a possibility that linkage mapping should reveal. Thus linkage mapping, gene
screening, and identification of genes causing Mendelian diseases offer complementary,
but distinct, methods for finding genes associated with AMD.

The association between these particular genes and well-recognized degenerative
diseases of aging does not imply that environmental factors should now be considered
less important. This knowledge may eventually help to provide individuals with a risk
profile, so that they can avoid the particular environmental factors that are likely to
have a negative impact on their genetic inheritance. Caution should be exercised with
genomic profiling, however, as it has become evident that many initial gene–disease
associations have, on follow-up, been found to be spurious or weaker than previously
reported or predicted. The premature use of presymptomatic genetic testing based on
this type of gene–disease associations and prophylactic interventions of as yet unknown
value could in fact do more harm than good to the public as well as to the field of
genomic medicine. As Susanne Haga et al. state (41), “Genomic profiling to promote a
healthy lifestyle: not ready for prime time.”

RARER BUT IMPORTANT GENETIC FORMS
OF OCULAR VASCULAR DISEASE

Norrie’s Disease

Norrie’s disease is a rare X-linked recessive condition characterized by progressive
bilateral congenital blindness that is usually associated with mental retardation and
cochlear deafness. The congenital blindness is secondary to retinal dysplasia caused by
failure of the retina to develop normally during embryonic life. This may result in
detachment of the retina, vitreous hemorrhage, and the ultimate formation of a white
retrolental mass that may be complicated by the formation of a secondary cataract.
Norrie’s disease was linked to a locus on the X chromosome, and the disease gene has
since been cloned and the protein product shown to have a tertiary structure similar to
transforming growth factor β. This would suggest that the gene may have a role in retinal
cell differentiation and proliferation (42).

Although at the end stage of the disease the condition can be confused with retinopathy
of prematurity (ROP), the pathogenesis of the conditions are considered to be fairly
distinct, with ROP developing in response to the production of VEGF by the relatively
ischemic peripheral retina of premature, low-birth-weight infants. In some infants with
ROP the condition progresses inexorably to the very severe end-stage form in spite of
intensive therapy, but in the majority it regresses. Mutations in the Norrie’s disease
gene have been implicated as a risk factor for progression in these infants, but this is
controversial and has not been noted in other studies (43).

Von Hippel-Lindau Syndrome

Von Hippel-Lindau syndrome (VHL) is classified as one of the phakomatoses, a
group of complex multisystem disorders that some authors have defined as neuroculo-
cutaneous syndromes with autosomal dominant inheritance (44). VHL syndrome itself
is also a multisystem disorder, and is characterized by retinal capillary hemangiomas,
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central nervous system (CNS) hemangioblastomas, various solid and cystic hamartomas,
and malignant neoplasms, including renal cell carcinomas and phaeochromocytomas.
Capillary hemangiomas of the retina are usually the earliest detectable manifestation,
with CNS manifestations presenting a little later, whereas renal cell carcinomas develop
substantially later. The fact that the renal cell carcinoma presents in more than 60% of
individuals makes early diagnosis and monitoring of the condition absolutely crucial,
and protocols for managing these individuals have been developed.

Not every patient with a retinal capillary hemangioma has VHL, but the presence of
two or more of these lesions increases the likelihood of the syndrome dramatically.
Identification of the gene for VHL syndrome on chromosome 3p26 has now made it
possible for suspected individuals to undergo genetic testing with a high degree of
accuracy, thereby avoiding the necessity of patients without the syndrome being
exposed to lifelong screening programs (45).

The VHL gene acts as a tumor suppressor gene of the retinoblastoma type, as tumors
develop when there is inactivation or loss of the normal wild-type allele in a susceptible
cell (46)6 . In normal cells VEGF is regulated by multiple factors, including hypoxia. In
contrast, the VHL gene is induced under normoxic conditions and, working via as yet
incompletely characterized pathways, results in reduced expression of VEGF in this sit-
uation. In the case of mutant VHL, however, this inhibition of VEGF in normoxic con-
ditions does not occur and inappropriate overexpression of VEGF occurs, resulting in
the development of localized angiomatous proliferation.

Familial Exudative Vitreoretinopathy

Familial exudative vitreoretinopathy (FEVR) is a genetic eye disease charaterized by
a failure of peripheral retinal vascularization. It is caused by an abrupt cessation of
growth of peripheral capillaries, which may ultimately lead to retinal neovasculariza-
tion as compensation for the growth loss, and could then result in exudative leakage,
bleeding, and eventually retinal detachment. Early diagnosis is thus essential to prevent
unnecessary severe and irreversible damage. To date, a few FEVR genetic loci have
been mapped to chromosome 11q13-23, Xp11.4 and 11p13-12 (47)7 . More recently, a
mutation in a gene for autosomal dominant FEVR was identified as being in the
development gene, frizzled-4 (FSD4) (48).

THERAPEUTIC MODALITIES FOR GENETIC FORMS 
OF OCULAR VASCULAR DISEASE

The exponential increase in our understanding of genetic diseases has led to increasing
expectations of direct benefit to individual patients or their families. Although this topic
is receiving a great deal of attention and human trials of a limited nature have already
begun for some inherited conditions, such as cystic fibrosis, this enthusiasm should be
tempered with the realization that the road ahead is still strewn with difficulties. The
chances of effective therapies in the short to medium term, specifically for the retinal
degenerations, are still rather slim. Although each group of genetic conditions is likely
to benefit from experience gained in managing genetic disease in other organs, such as
the lung, each site is likely to present its own unique difficulties.
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One of the obvious benefits for individuals and families with genetic retinal degenerative
disease is accurate diagnosis, prognosis, and genetic counseling. A major problem with
ophthalmic genetic conditions and future therapies arises because of the enormous
molecular heterogeneity of the majority of these diseases. There are many instances in
which different mutations in the same gene have been shown to cause different degrees
of vision loss. In addition, different mutations in the same gene could also cause differ-
ent diseases (e.g., ABCA4 and STGD, RP, CRD, and ARMD). It is therefore possible
that therapies may have to be tailored to such a degree of individuality that although
solutions may be possible in theory, gene therapy may not be economically feasible.
We know that there are more than 150 genes known to be associated with retinal degen-
eration with many different mutations in some of these genes. We ultimately need to
know more about the mechanism behind the degeneration before we are going to be
able to cure the conditions. Much has been learned from animal models and transgenic
mice, and the RCS rat has taught us great deal in the past few years. 

A direct benefit of the new genetic knowledge about the actual genes that are
causative of some forms of inherited blindness is the fact that many of them can be
grouped by function; this then also allows insight into the disease process. Potential
therapies can therefore now be tested in subgroups of patients with defects in the same
(similar function) genes or pathways.
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VEGF BACKGROUND

VEGF Isoforms

In humans, the vascular endothelial growth factor (VEGF) gene resides on chromo-
some 6p21.3 (1). Northern blot and primer extension analysis have shown that the
human VEGF gene has a single major transcription start site, 1038 bp upstream from
the ATG initiation codon. This start site is located near a cluster of potential Sp1 factor
binding sites, and the promoter contains potential binding sites for the transcription
factors AP-1 and AP-2 (2). A hypoxia response element located upstream of the VEGF
genes can bind hypoxia-inducible factor (HIF)-1 and may act as an enhancer (3,4).
Hypoxia can also increase the half-life of VEGF mRNA, which is intrinsically labile.
Binding of HuR, a hypoxia-induced stability factor that is a member of the Elav-like
protein family, to an AU-rich element in the 3′-UTR of VEGF mRNA increases the
half-life of VEGF mRNA by three- to eightfold (5).

VEGF, a disulfide linked homodimer composed of two 23-kDa subunits, was first
purified by Gospodarowicz et al. (6)6 and Ferrara and Henzel (7)7 from pituitary-derived
bovine folliculostellate cells. Initial characterization of the mRNA forms in fetal human
vascular smooth muscle cells suggested a VEGF coding region of eight exons with
three forms of the protein formed by alternative exon splicing. The initial three tran-
scripts were found to be 5.5, 4.4, and 3.7 kb, corresponding to 189, 165, and 121 amino
acid proteins, respectively. The coding sequence contains seven introns. The alternative
splicing involves exons 6 and 7 (Fig. 1). VEGF165 lacks exon 6, whereas VEGF121 lacks
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exons 6 and 7. Exon 7 codes a 44 amino acid sequence rich in arginine and lysine
residues, conferring a basic nature to the segment. Exon 6 codes a 24-amino-acid seg-
ment that is also quite basic, with 12 lysine and arginine residues. Additional isoforms
include VEGF145, VEGF183, VEGF189, and VEGF206 (1). VEGF145 and VEGF206 appear
to be restricted to cells of placental origin. 

The bioavailability of VEGF can be regulated at the RNA level, through alternate
splicing, and at the protein level, through proteolysis. To determine secretion proper-
ties, various forms of VEGF cDNA were cloned into human embryonic kidney cells
(CEN4 cells). Although little or no VEGF189 was found in a freely soluble form in the
tissue culture medium, VEGF165 and VEGF121 were found freely soluble in the medium.
Upon addition of suramin (a compound known to interfere with the binding of growth
factors to receptors) and anti-VEGF mAb, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the immunoprecipitate showed the presence
of VEGF189. Interestingly, adding heparin to CEN4 culture also induced the release of
VEGF189 and VEGF165 into the culture medium, whereas VEGF121 levels were unaf-
fected. These results suggested that VEGF189, VEGF165, and VEGF121 behave differ-
ently as secreted factors: VEGF121 is entirely soluble, VEGF189 is virtually all bound to
extracellular sites containing heparin-associated proteoglycans, and VEGF165 shows
intermediary behavior, with 50 to 70% bound (8). In comparison with VEGF121,
VEGF165 contains 44 additional amino acids at its carboxy terminal end; these amino
acids convert VEGF165 to a basic protein that can bind heparin. VEGF189 contains an addi-
tional 24 highly basic amino acids. Heparin-containing proteoglycans are components
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of the extracellular matrix. The extracellular matrix may bind VEGF165 and VEGF189
and act as a reservoir for those growth factors (8). Plasmin or other proteases released
during angiogenesis may cleave the basic proteins at the carboxy terminus of VEGF165
and VEGF189 and liberate those angiogenic agents.

VEGF Receptors

Through an elegant series of experiments, Gille and associates characterized the dif-
ferent signaling properties of VEGF receptors VEGFR-2 and VEGFR-1 (9). VEGFR-2
selective VEGF165 mutants activated p38 MAP kinase to phosphorylate ERK1 and
ERK2 in human vascular endothelial cells, to an extent indistinguishable from that
obtained using wild-type VEGF165. VEGFR-1 selective VEGF165 mutants resulted in
only minimal phosphorylation of ERK2. Wild-type and VEGFR-2 selective VEGF165
mutants stimulated phosphorylation of PLCγ and PI3K, whereas VEGFR-1 selective
VEGF165 mutants did not. In a Boyden chamber cell migration assay, VEGFR-2 selective
VEGF165 mutants and wild-type VEGF165 promoted human umbilical vein endothelial
cell (HUVEC) migration to an equal extent, whereas VEGFR-1 selective VEGF165
mutants did not increase cell migration over background levels. To assess in vivo angio-
genesis, hydron pellets containing 200 ng of the growth factor variants were implanted
into rat corneas and the angiogenic areas were evaluated at 1 wk. Pellets containing
VEGFR-2 selective VEGF165 mutants were as effective as wild-type VEGF-implanted
pellets in inducing corneal angiogenesis. VEGFR-1 selective VEGF165 mutants did not
stimulate angiogenesis over control levels. In addition, vascular permeability of these
VEGF165 variants was assessed. VEGFR-2 selective VEGF165 mutants induced vascular
permeability to a comparable extent as wild-type VEGF165, whereas VEGFR-1 selec-
tive VEGF165 mutants caused essentially no leakage. These findings suggest that
VEGFR-2 alone is capable of mediating VEGF-induced endothelial cell intracellular
signaling, migration, angiogenesis, and permeability. Interestingly, in endothelial cells,
VEGF165 shows a more potent ability to stimulate phosphorylation and activation of
VEGFR-2 than does VEGF121. The Kd of VEGF165 for VEGFR-2 is 760 pM, approx 45
times greater than for VEGFR-1 (16 pM)MM (10).

Neurophilin-1 (Npn-1) and neurophilin-2 (Npn-2) are also receptors that bind
VEGF165. Neither binds VEGF121. In COS-1 cells coexpressing VEGFR-2 and Npn-1,
a VEGFR-2 specific antibody not only precipitated VEGFR-2, but SDS-PAGE analysis
also showed a band that ran at the predicted size for Npn-1 crosslinked to VEGF165.
Conversely, an Npn-1-specific antibody coprecipitated VEGFR-2. This complex did
not, however, show increased binding affinity for VEGF165. Blocking VEGF165–Npn-1
binding with a specific Npn-1-binding antagonist did reduce the signaling potency of
VEGF165 in HUVEC. Use of that same Npn-1 antagonist in the presence of VEGF121
did not alter the signaling potency of VEGF121. These results suggested that the ability
of VEGF165 to bind the VEGFR-2–Npn-1 complex may explain the enhanced ability of
VEGF165 vs VEGF121 to stimulate VEGFR-2 (11).

Downstream Receptor Signaling (Fig. 2(( )

It is thought that protein tyrosine kinase (PTK) receptors such as VEGFR-1 and
VEGFR-2 “autophosphorylate” when receptor dimerization occurs with ligand binding
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and one receptor transphosphorylates its dimerized partner (12). The phosphorylated
tyrosine residues of the intracystolic portion of the receptor may then bind intracellular
signaling molecules. 

The phosphatidylinositol 3´-kinase (PI3-kinase)/Akt signal transduction pathway is
known to mediate the survival signal of various growth factors and cytokines (13–22).
Gerber and associates (23) have provided evidence that VEGF may also possess
antipoptotic activities in endothelial cells most likely mediated through VEGF stimula-
tion of PI3-kinase. VEGFR-2 selective VEGF165 mutants exerted a similar survival activ-
ity as wild-type VEGF165, whereas VEGFR-1 selective VEGF165 mutants did not. Both
wild-type and VEGFR-2 selective VEGF165 increased Akt phosphorylation, whereas
VEGFR-1 selective VEGF165 mutants did not. VEGF-induced survival was seen only in
the presence of wild-type Akt but not when endothelial cells were transfected with
expression vectors coding for mutant inactive Akt. In summary, then, VEGF mediates an
antiapoptotic/prosurvival signal in cells via VEGFR-2and the PI3-kinase/Akt signal
transduction pathway. Akt likely delivers its antiapoptotic signal through blocking the
proteolytic events of apoptosis mediated by the caspase pathways (18,24).

VEGF may also mediate a proapoptotic signal predominately through the p38 fam-
ily of MAP kinases. Gratton and associates (25) treated endothelial cells with a PI3-
kinase inhibitor and showed a significant increase in p38 phosphorylation, whereas
phosphorylation of Akt was concomitantly reduced. This PI3-kinase inhibition
enhanced apoptosis, correlating with the increase in p38 phosphorylation. In addition,
VEGF treatment in the presence of a PI3-kinase inhibitor blunted the antiapoptotic
actions of VEGF. However, in the presence of a p38 inhibitor, the level of apoptosis
was reduced.
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Fig. 2. Crosstalk between the PI3-kinase/Akt signal pathway (prosurvival, antiapoptosis) and
the p38 MAPK pathway (proapoptosis). Akt-mediated phosphorylation of MEKK3 may account
for decreased p38 MAPK activity. (Data from ref. 25.)



In summary then VEGF can deliver pro- and antiapoptotic signals in endothelial
cells, and that crosstalk occurs between the PI3-kinase/Akt (antiapoptotic, pro-cell sur-
vival) and the p38 pathway (proapoptotic).

VEGF and Retinal Development

Transgenic mice expressing single VEGF isoforms have been produced and have
demonstrated that overexpression of VEGF165 in mice is consistent with normal retinal
vascular development, whereas overexpression of VEGF189 resulted in the development
of venules and capillaries but only half the normal number of arterioles. VEGF120-over-
expressing mice displayed impaired arteriolar and venular development. The capillaries
that did develop were fragile, with numerous hemorrhages (26)6 .

VEGFR-1 may also play a role in neural retina development. In developing mice,
VEGFR-1 mRNA is first detected on postnatal day 7 in the developing ganglion cell
layer and inner nuclear layer of the avascular retina. At day 12 expression is detected in
the photoreceptor layer, consistent with the pattern of Müller cell development. From
postnatal days 4 to 33, VEGFR-1 mRNA increases 14-fold in whole retina (27)7 .

At postnatal day 5, VEGFR-2 mRNA is first detected, localized to the inner retina
layers. At day 15, VEGFR-2 mRNA is detected in the photoreceptor layer. From days 17
to 33, VEGFR-2 mRNA starts to localize to blood vessels, but is still observed outside
blood vessels in the nerve fiber, ganglion cell, and inner nuclear layers. This pattern
appears to be consistent with expression in Müller cell processes, astrocytes, and/or
ganglion cells. VEGFR-2 mRNA decreases threefold in whole retina from early devel-
opment to postnatal day 33 (adult) (27)7 .

Treatment with SU5416, an antagonist of VEGFR-1 and VEGFR-2, from days 0 to 9
caused loss of thickness of the inner nuclear, inner plexiform, and ganglion cell layers
in avascular undeveloped retina compared with controls (27)7 .

VEGF and Inflammation

VEGF appears to be proinflammatory. VEGF can induce leukocyte adherence,
ICAM-1, VCAM-1, and E-selectin expression (28) and retinal barrier breakdown.
However, these effects may be isoform-dependent. For example, in a rat model of
diabetes, VEGF120 and VEGF164 demonstrated different potencies in inducing these
proinflammatory activities (28,29). VEGF165 appears to be more potent in recruitment
of CD45-positive leukocytes than VEGF120, as well as in inducing ICAM expression.
One possible explanation for the increased potency of VEGF164 may be explained by
Npn-1 binding of the exon 7 encoded domain of VEGF164/165, a domain lacking in
VEGF120/121. Further evidence suggests that the effect of VEGF165 on leukocyte migra-
tion may be mediated through VEGFR-1, whereas the effect of VEGF165 on endothelial
ICAM-1 expression may be mediated through VEGFR-2 (30).

VEGF and Retinal Neovascularization

In physiological neovascularization during retinal development, new vessels grow
from the optic disk outward toward the peripheral avascular retina. During pathological
neovascularization, the new vessels grow into the vitreous cavity. Interestingly, the ratio
of VEGF165 to VEGF121 may be critical in these different processes (29). For example,
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in physiologically developing retinas this ratio is 2.2 vs 25.3 ± 8.7 in eyes with prolifer-
ative retinopathy and pathological neovascularization. Transgenic mice in which the
rhodopsin promoter is connected to a VEGF sequence immunohistochemically show
increased VEGF expression in the photoreceptor layer; these same mice develop
intraretinal and subretinal neovascularization (31).

There also appears to be a link between ocular neovascularization and inflammation.
Leukocytes associate with incipient pathological neovascular fronds in an animal model
of proliferative retinopathy, whereas eyes undergoing physiologic postnatal retinal vas-
cular development do not show leukocytes at the leading edge of vascularization.
Immunohistochemistry demonstrated that these adherent leukocytes were CD8 and
CD25 (IL-2 receptor) positive, suggesting the presence of T lymphocytes as well.
VEGF165 blockade inhibits leukocyte adhesion and pathological neovascularization in
proliferative retinopathy but has no effect on physiological vascular development.
However, when all VEGF isoforms are inhibited, suppression of both pathological and
physiological neovascularization occurs.

When monocytes, which express VEGFR-2 and are known to be recruited by VEGF
(32), are depleted, suppression of pathological neovascularization also occurs (33).

Neuroprotection

Neurogenesis is the process by which precursor cells differentiate into a mature neuronal
phenotype. Multiple studies have demonstrated that VEGF may be involved in this process
through the activity of VEGFR-2 (34–37)7 . Specifically, VEGF may play a role in the differ-
entiation and protection of cortical neurons, astrocytes (34,36)6 , and Schwann cells (35).
This may be especially important in cases of ischemia-induced neuronal damage (38).

VEGF may also be important in retinal neuronal differentiation and survival espe-
cially for photoreceptor and amacrine cells (39).

VEGF AND RETINAL DISEASE

Diabetes

In analysis of retinal tissues, VEGF has been found to be normally expressed in glial
cells (40) and has been shown to be elevated in the vitreous of patients with both active
and inactive PDR (41) with the predominant form found being VEGF121. VEGF165 and
189 have also been found, as well as VEGFR-1, VEGFR-2, and Npn-1. However, no
evidence of vitreous levels of VEGF145 or VEGF206 have been detected. 

Age-Related Macular Degeneration

In the 1990s, immunohistochemical evidence came to light suggesting that VEGF
plays a pathogenic role in exudative age-related macular degeneration (AMD). The
endothelial cells and interstitial fibroblasts of surgically excised choroidal neovascular
membranes (CNVMs) showed positive immunohistochemical staining for VEGF
(42,43), as have the macrophages (44). Although retinal pigment epithelium (RPE)
cells and choriocapillary endothelial cells in CNVMs from patients with AMD
immunostained for VEGF, regions of normal retina did not stain (45).

In situ hybridization studies in CNV animal models also support a role for VEGF. In
a laser-induced model of choroidal neovascularization in rats, in situ hybridization

196 Dahr and Csaky



showed VEGF and VEGFR-2 (KDR) mRNA expression in the retinal pigment epithe-
lium (RPE)-like cells, fibroblasts, and endothelial cells of CNV (46,47)7 . In an primate
model of laser-induced CNV, choroidal vascular endothelial cells migrated into the
subretinal space through the laser-induced defect in Bruch’s membrane, leading to the
development of new vessels 7 to 14 d after injury; in situ hybridization demonstrated
increased VEGF mRNA levels in the accumulating macrophages, RPE cells, and Müller
cells 3 to 7 d after laser injury (48).

Molecular models also support a role for VEGF in the development of ocular neovas-
cularization. After injection of an adenovirus vector encoding VEGF into the subretinal
space of rats, subsequent fluorescein angiography and histopathological examination
showed the development of choroidal neovascularization with growth through Bruch’s
membrane (49–51). In one study, transgenic mice consisting of a murine RPE promoter
(RPE 65) coupled to murine VEGF (164) cDNA were constructed. Histopathological
examination showed choroidal neovascularization that did not penetrate the intact Bruch’s
membrane. The authors suggested that additional insults to Bruch’s membrane are needed
for VEGF-driven choroidal neovascularization to penetrate Bruch’s and grow into the
subretinal space (52). VEGF production by human RPE cells is polarized, with two- to
sevenfold more production basolaterally than apically. This polarized relationship appears
to be consistent with a paracrine relationship between the RPE and choriocapillaris (53).

VEGF, due to its strong permeability effects, may play a critical role in macular
edema formation. Optical coherence tomography (OCT) has shown that in the context
of retinal elevation on funduscopic exam and exudative CNV on fluorescein angiogra-
phy, what in the past was often presumed to be “subretinal fluid” is often intraretinal
fluid. Interestingly, VEGF released by endothelial cells may play a role not only by
increasing retinal vascular permeability, but also by diminishing the barrier function of
the RPE monolayer (54).

In the context of neovascularization, other molecules may interact with VEGF. Tissue
inhibitor of metalloproteinases-3 (TIMP-3) has been shown to have inhibitory effects
on angiogenesis and has been shown to block the binding of VEGF to VEGF receptor-2
(55). VEGF also appears to upregulate angiopoietin-1, a protein involved in vascular
maturation and stability (56)6 , in CNVMs (57)7 .

Other Conditions

In von Hippel-Lindau disease, disruption of VEGF regulation may contribute to the
development of vascular tumors such as central nervous system, retinal hemangioblas-
tomas, and renal cell carcinoma as well as tumor associated edema and cysts (58). VEGF
upregulation may also contribute to the development of macular edema in other disorders
including uveitis. Fine et al. found that uveitis patients with cystoid macular edema have
higher aqueous VEGF levels than uveitis patients without cystoid macular edema (59).

ANTI-VEGF MEDICATIONS IN CLINICAL TRIALS

Ranibizumab

Ranibizumab (also known as rhuFab or Lucentis) is an antigen-binding fragment of a
recombinant humanized monoclonal antibody directed toward VEGF. A primate model
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of laser-induced CNV showed that intravitreal injections of this compound inhibited
choroidal neovascularization (CNV) (60) and has promoted the further study of this
compound in clinical trials. The Anti-VEGF Antibody for the Treatment of
Predominantly Classic Choroidal Neovascularization in AMD (ANCHOR) trial is a
phase III clinical trial currently evaluating the safety and efficacy of ranibizumab intrav-
itreal injections versus photodynamic therapy with verteporforin in predominantly classic
subfoveal lesions whereas the MARINA trial is evaluating the safety and efficacy of
ranibizumab injections in the context of occult and minimally classic lesions. 

Pegaptanib

Pegaptanib (also known as Macugen) is an anti-VEGF165 pegylated aptamer. This
aptamer is a 28-base oligonucleotide that binds to the exon 7-encoded domain of human
VEGF165 with high specificity and affinity (200 pM). To increase its half-life, the
oligonucleotide is conjugated to a 40-kDa PEG moiety. Pegaptanib does not bind
VEGF120/121 (28). A phase IA single ascending dose study of intravitreal injections of
pegaptanib performed in 15 patients with subfoveal choroidal neovascularization sec-
ondary to exudative AMD showed no significant safety issues related to the drug (61).

In a phase II multiple injection safety study, 21 patients were treated with intravitreal
injection with and without photodynamic therapy. Of patients who received the anti-
VEGF aptamer alone, 87.5% showed stabilized or improved vision 3 mo after treat-
ment and 25% of those eyes demonstrated a 3-line or greater improvement in vision. Of
patients who received pegaptanib and photodynamic therapy, 60% experienced a 3-
line gain at 3-mo (62). However, several patients within the trial suffered possibly asso-
ciated systemic adverse events, including mortality, prompting a word of caution in its
use in older patients due to the systemic absorption following an intravitreal injection
(63). Pegaptanib is currently in domestic and international Phase II/III clinical trials. 

Ruboxistaurin

Because of its prominent role in VEGF signaling, PKC β inhibition is a candidate
for therapy. For example, it has been shown that an intravitreal injection of VEGF in
animal models increased retinal vascular permeability through activation of the PKC β
isoform and that inhibition of PKC β blocked this activity (64,65). PKC β-isoform
inhibition with ruboxistaurin (LY333531) has been shown to ameliorate the decreased
retinal blood flow and increased oxidative stress seen in the retinas of diabetic rats (4).
Ruboxistaurin has also been shown to have potential beneficial effects for diabetic
nephropathy in animal models (66)6 . The potential therapeutic benefit of PKC β inhibi-
tion may be the result of its interaction with other molecules. For example, hyper-
glycemia increases expression of endothelin-1, a vasoconstrictor. In bovine retinal
endothelial cells and pericytes, hyperglycemia increases membranous protein kinase C
activity and ET-1 in parallel, and inhibition of protein kinase C β and δ isoforms blocks
this glucose-induced ET-1 upregulation (67,68). Another potential affected molecule
may be nitrous oxide. Hyperglycemia abolishes nitrous oxide-mediated vasodilation. In
rats pretreated with ruboxistaurin, there was a preservation of nitrous oxide-mediated
vasodilation under hyperglycemic conditions (69–71). In humans, hyperglycemia
reduces vasodilation normally induced by the endothelium releasing nitrous oxide.
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Healthy humans given ruboxistaurin did not experience reduced forearm blood flow in
response to hyperglycemia in contrast to humans fed placebo (72).

The initial results of a phase II/III study of ruboxistaurin treatment of diabetic mac-
ular edema were presented at the American Academy of Ophthalmology meeting in
November 2003. Six hundred eighty-six patients with diabetic macular edema greater
than 300 μm from the center of the macula and no previous laser photocoagulation
were randomized to one of four arms: placebo, ruboxistaurin 4 mg/d, ruboxistaurin
16 mg/d, or ruboxistaurin 32 mg/d. The primary endpoint was the delay of DME
progression to the center of the macula or the delay of photocoagulation for DME.
Patients were treated and followed for at least 2.5 yr. Treatment with ruboxistaurin did
not demonstrate a statistically significant effect on the primary study outcome of
progression of DME or application of photocoagulation.

PKC412

PKC412 (n-benzoyl staurosporine) inhibits VEGF receptor kinase as well as PKC.
PKC412 decreased VEGF-induced breakdown of the blood retinal barrier in a mouse
model (73). In a porcine model of laser-induced choroidal neovascularization,
periocular injection of PKC412-containing microspheres resulted in a smaller total
area of CNV at sites of rupture of Bruch’s membrane in comparison with control
injections (74).

In a recent randomized double-masked placebo-controlled study of 141 subjects
with diabetic macular edema, subjects received PKC412 at 50, 100, or 150 mg/d or
placebo for up to 3 mo. The 100 mg and 150 mg doses showed a statistically significant
reduction in retinal thickening as assessed with OCT. The 100 mg group also showed a
statistically significant 4 letter (EDTRS chart) improvement in acuity at 3 mo. Side
effects included nausea, diarrhea, vomiting, and liver enzyme abnormalities (75).

ANTI-VEGF THERAPIES IN DEVELOPMENT

VEGF Trap

The VEGF trap is a decoy soluble VEGF receptor engineered by fusing the ligand-
binding elements of the VEGF receptor to an immunoglobulin-constant region (76).
Intravitreal injections of VEGF trap in a mouse model of laser-induced choroidal neo-
vascularization inhibited CNV (77)7 as well as reducing VEGF-induced breakdown of
the blood retinal barrier in a mouse model (77)7 .

siRNA

Small interfering RNAs (siRNAs) are small fragments of nucleotide that have the
purported activity of permanently downregulating specific RNAs. In a mouse model of
laser-induced CNV, subretinal injection (78) or intravitreal injection (79) of siRNAs
against murine VEGF inhibited CNV development.

Gene Transfer

In a mouse model of CNV, intravitreal or periocular injection of an adenoviral vec-
tor encoding soluble VEGF receptor-1 suppressed choroidal neovascularization at the
rupture sites in Bruch’s membrane. In a mouse model for diabetes, periocular injection
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of the same vector reduced VEGF-induced breakdown of the blood–retinal barrier, but
failed to inhibit ischemia-induced retinal neovascularization (80).

In a transgenic mouse model of VEGF-induced breakdown of the blood–retinal
barrier, subretinal injection of adenoviral vectors expressing endostatin, a collagen XVIII
fragment, reduced VEGF-induced vascular permeability. Endostatin also appeared to
reduce retinal neovascularization associated with prolonged exposure to increased VEGF
levels (81).

POTENTIAL SIDE EFFECTS OF ANTI-VEGF THERAPY

Even local anti-VEGF therapy could potentially cause serious systemic side effects,
particularly in patients with ischemic heart disease (63). At extremely low concentra-
tions of 0.16 to 1.3 nM, pegaptanib, for example, can block 50% (IC50) of VEGF-
induced cell proliferation, and at a concentration of 10 nM will block all VEGF binding
and activity (63,82). This has relevance even to local delivery to the eye because sys-
temic absorption can occur. For example, in the intravitreal trials of pegaptanib, the
serum concentrations ranged from 0.5 to 21 nM (nn 62). Patients with ischemic heart dis-
ease, who are in the same demographic as AMD and many diabetes patients, may be
dependent on VEGF-driven cardiac angiogenesis and collateral blood vessel development
or on VEGF-mediated coronary artery vasodilation, and suppression of this therapeutic
activity of VEGF may have serious consequences. 
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INTRODUCTION

The eye is a highly vascularized organ that possesses two vascular networks in the
adult, the retinal vessels and the choroid vessels, as well as a transitory vascular system,
the hyaloid vessels, which regress in vertebrates after birth. Abnormal vessel growth is
observed in a number of ocular pathologies such as retinopathy or age-related macular
dystrophy. Studies on the molecular mechanisms of eye vascularization have demon-
strated a central role of vascular endothelial growth factor (VEGF) family members in
these processes (1–5). Other molecular players, such as angiopoietins, seem to be impli-
cated in the remodeling of retinal vessels (6)6 .

Fibroblast growth factors (FGFs) stimulate growth, survival, and/or differentiation of
a number of mesenchyme-derived cells and neurons (7–9). Most of these functions have
been demonstrated both in cultured cells and in transgenic mice (7–9). It has long been
known that exogenous FGFs are very potent inducers of capillary formation in vitro and
in vivo (7–9). FGFs stimulate endothelial cell proliferation, migration, tubulogenesis,
and also angiogenesis in a variety of in vivo and ex vivo systems such as in the develop-
ing chicken chorioallantoid membrane, in the aortic ring assay, or in matrigel plugs in
mice (8,9). These effects are mediated through the activation of many signal transduc-
tion molecules, such as the mitogen-activated protein (MAP) kinase pathway or the PI-3
kinase pathway (8–10). Furthermore, FGFs regulate the expression of cellular matrix
receptors such as integrin α4α β1, α5β1, or αvβ3, or proteolytic enzyme systems (plasminogen
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activators, matrix metalloproteinases) that are implicated in the morphogenic effects
induced by FGFs (11–13).

FGFs and their receptors are widely expressed in the eye and participate in lens dif-
ferentiation, photoreceptor survival, or retinal pigment epithelium (RPE) function and
survival (14–17)7 . However, the contribution of FGFs to normal and pathological vascular
development in the eye has been questioned until recently.

In this article, we will give a brief overview about the molecular mechanisms of eye
vascularization and describe recent findings that indicate that FGFs indeed participate
directly or indirectly in vascular developmental processes.

GENERAL MECHANISMS OF VASCULARIZATION IN THE EYE

The vertebrate eye possesses two vascular networks that develop asynchronously.
Choroid vessels furnish the outer blood supply and are formed during the fetal period.
Retinal blood vessels emerge from the optic disk and form a primary vascular layer that
is remodeled and gives rise to the inner and outer vascular plexus of the retina. This latter
process occurs during the postnatal period in mice.

The choroid is the most densely vascularized tissue in the body. Choroid vessels are
formed by a combination of vasculogenesis and angiogenesis. Retinal blood vessels
seem to be formed by an angiogenesis-dependent mechanism (1–3,18). A concept for
the formation of retinal blood vessels has been proposed, designated as contact span-
ning (1,2). Astrocytes migrate into the retina and are organized into a trabecular scaf-
fold. Endothelial cells follow the forming scaffold and become organized into tubular
structures. VEGF has been identified as one of the key molecules responsible for
endothelial cell migration and tubulogenesis during retinal angiogenesis (1–4). Its
mechanism has been recently refined by the identification of the guidance tip-cell that
clusters VEGF receptors at the leading edge and in the filipodia and senses a VEGF
gradient (19). The heparin-binding VEGF-A isoforms seem to be implicated in this
process, because they are able to associate with the extracellular matrix through the
heparin-binding domain, thus permitting gradient formation (4). One of the driving
forces of VEGF expression is hypoxia, which acts by regulating the proline hydroxy-
lases (PHDs) and the hypoxia-inducible factor (HIF)-1α system (20–22). Besides
VEGFs, other molecules, such as neuronal guidance molecules, are also possibly
involved in vessel network formation.

A vasculogenesis-dependent mechanism in the formation of retinal blood vessels has
also been proposed (23,24). This is convincingly supported by a recent publication describ-
ing the incorporation of lineage-negative hematopoietic cells into retinal vessels (24).

Vascular remodeling is a critical step in retinal vascular development. Recent genetic
evidence indicates that angiopoietin-1 (Ang1) is involved in this process (6)6 .

Ocular neoangiogenesis can occur in pathological conditions (retinopathy, age-related
macular dystrophy) or can be induced experimentally in the retina (retinopathy of pre-
maturity model in mice), the choroid (laser-induced choroidal neovascularization), and
the cornea (implantation of pellets containing angiogenesis factors). The VEGF system,
again, has been recognized as a major molecular player in these conditions (5).

Besides VEGF and angiopoietin-1, which constitute useful paradigms to explain
vascular development in the eye or neoangiogenesis, other growth factor systems such
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as FGFs may play a role in physiological and pathological eye vascularization as well.
Evidence for this is outlined below.

EXPRESSION OF FGF FAMILY MEMBERS IN OCULAR TISSUE 
AND RELATIONSHIP TO VASCULATURE

Many cell types in the eye express FGF molecules or FGF receptors. In the RPE,
FGF prototypes are expressed, including FGF-1, FGF-2, FGF-4, or FGF-9, which all
are potential candidates for a role in vascular development (25–27)7 . FGF-2 may be
induced in the RPE by reactive oxygen species (ROS) and is also expressed in the newt
iris (28,29). FGF-2 is also found in neurons, photoreceptors, and macroglia (Müller
cells, astrocytes) (30). During experimentally induced choroidal neovascularization,
FGF-2 is significantly upregulated together with pigment epithelium-derived factor
(PEDF), neurophilin-2, angiopoietin-1 and 2 (Ang-1, Ang-2), ephrin A7 (EphA7), and
VEGF receptor-1 (VEGFR-1) (31).

Expression of FGF receptors (FGFRs) is also widespread, and different receptor
types and spliced variants may exist. In the RPE, for example, FGFs may activate either
FGFR2IIIc or FGFR3IIIc (27)7 . Photoreceptors express FGFR1 and FGFR4, which are
critical for their development (32). FGFR1 is prominent in the cytoplasm of photo-
receptors and in their axon terminals, where it is closely associated with synaptic vesi-
cles (33). In the vascular compartment, FGF receptor expression has been detected in
choroidal endothelial cells and seem to activate the FGFR1IIIc isoform (34). FGFs can
also bind to retinal vessels and activate signaling molecules such as PKB/Akt (35).
However, the specific FGF receptor variant expressed in retinal vessels is not known.

The existence of FGFs and their receptors in different cell types in the eye, including
the vasculature, suggests direct and indirect mechanisms for FGFs in ocular angiogenesis.
For example, the RPE expresses FGF prototypes that may interact with FGF receptors
localized on the RPE, providing an autocrine regulatory loop that induces secondary angio-
genesis factors such as VEGF. FGF released from the RPE may also act on the choroidal
blood vessels localized in the vicinity, which express FGF receptors (Fig. 1).

ROLE OF FGFs IN EYE VASCULARIZATION?

FGFs are among the most powerful endothelial mitogens and are able to induce ves-
sel formation in a number of in vitro and in vivo models (8,9). Furthermore, blockade
of FGF signalling in cultured embryonic day 9 mice leads to abnormal vasculature in
both the embryo and extraembryonic structures (36)6 . This strongly supports a role for
FGF as an endogenous angiogenic factor.

A number of arguments support a role for FGFs in angiogenesis processes in the
eye. When applied through a catheter by external perfusion, exogenous FGF stimulates
angiogenesis in the choroid (27)7 . Furthermore, recently, Cao et al. have reported that
the combination of FGF-2 with platelet-derived growth factor (PDGF) strongly syn-
ergizes in the stimulation of corneal blood vessel growth (38). These vessels seem to
be structured, remodeled, and perfectly hierarchically organized. Most surprisingly,
after withdrawal of growth factors, vessels continue to grow. This synergism is not
observed with VEGF, which leads only to the formation of leaky and aberrant ves-
sels. FGF family members are also expressed in cells that are localized in vicinity
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of blood vessels, such as in the RPE, and could therefore be involved in eye vascular-
ization. Finally, like VEGF, FGF prototypes, in general, have a high affinity for
heparan sulfate proteoglycans and could be involved in gradient formation in the
retina.

However, results from FGF knockout studies have been rather disappointing. For
example, FGF-2 knockout mice did not reveal vascular phenotypes during normal
developmental choroidal or retinal angiogenesis or after laser-induced neoangiogenesis
(39) (Table 1). On the other hand, FGF receptor knockouts are early embryonic lethal
and thus not informative (8,9,40).

To gain better insights of FGF effects on the vasculature, we have chosen to target
the mouse RPE with a truncated FGF receptor (FGFR1-DN) that acts as an dominant-
negative molecule (41,42). For targeting, we used a promoter derived from the
melanogenic enzyme tyrosinase-related protein-1 (tyrp1) gene. Eyes from homozygous
mice at 1 mo of age were greatly reduced in size and displayed irregular shapes and
cataracts. Furthermore, the choroid was thinned and the neural retina was convoluted,
with numerous rosettes seen in different regions of the eye. Hemizygous mice also
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Fig. 1. Potential roles of FGF in choroidal and retinal vascularization induced by the RPE.
Both direct and indirect mechanisms may be involved. For both the choroid (1) and the retina
(3), FGF may control angiogenesis either directly by activating FGF receptors on endothelial
cells or indirectly by autocrine stimulation of secondary angiogenesis factors. For the retina, it
is more likely that FGF stimulates the formation of the astrocyte scaffold (2), which in turn
favors endothelial cell migration and tubulogenesis. FGFs may also be produced by other cell
types (4) such as photoreceptors or ganglion cells to control angiogenesis. FGFR, fibroblast
growth factor receptors; Rs, receptors of secondary angiogenesis factors; RPE, retinal pigment
epithelium. See color version on companion CD.



showed a number of phenotypic abnormalities, although less severe than in homozygous
animals, the constant feature being a thinned choroid. Apical microvilli in transgenic
retinas did not diplay the tight contacts with photoreceptor outer segments. When the
choroidal vasculature was analyzed by corrosion casting, we found atrophy of some of
the long ciliary arteries that did not reach the limbus. The size of the branching arteries
and tributaries to the vortex veins were reduced. At the capillary level, vessel number
was severely decreased and branching was reduced. 

Using a specific immunostaining of eye vessels with Bandeira simplicifolia isolectin
(BS-1), we next demonstrated that the effects on the vasculature were seen before birth,
and thus preceded the neuronal defects. Flat mounts of choroids from transgenic mice
between embryonic day 15.5 and 17.5 showed that the capillary bed was much less
developed and branched than in wild-type control embryos. Thus, the phenotype
observed in transgenic animals is a true developmental defect due to arrested develop-
ment of choroid vessels rather than to vessel regression after birth. Surprisingly, retinal
vascularization was also abnormal in transgenic animals. In transgenic retinas, numerous
BS-1-positive single cells were present between day 0.5 and 3.5 postnatal (pn) but no
vascular structures were seen. At later stages, the BS-1-positive single cells gradually
disappeared, but no retinal vascular structures were observed. Furthermore, astrocyte
migration seemed to be abnormal. A reduced amount of glial fibrillar acidic protein
(GFAP)-positive astrocytes was observed in early retinas and no GFAP-positive network
was detected in later-stage retinas. These observations indicate that FGF is also involved
in the formation of the retinal vasculature, possibly through an indirect effect on astro-
cyte differentiation or patterning.

A persistence of the hyaloid vessels was observed after birth. Hyaloid vessels vascu-
larize the retina with neovessels growing perpendicular deep into the retina. Hyaloid
vessel persistence may be explained by compensation for the absence of retinal vessels.

This phenotype is similar to the angiopoietin-2 (Ang2) –/– mouse, which also shows
a compensatory persistence of hyaloid vessels (43).
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Table 1
Vascular Phenotypes in Eye in Mouse Models for FGF Misregulation

FGF-1 –/– Viable, absence of gross phenotype, detailed analysis of 
eyes not performed

FGF-2 –/– Viable, absence of ocular phenotype
FGF-1–/– / FGF-2 –/– Viable, absence of gross phenotype, detailed analysis of 

eyes not performed
Tyrp1 FGFR1-DN Thinned choroid, decrease of vessels, effect of vessel

branching, absence of retinal blood vessels, compensa-
tory retinal angiogenesis from the hyaloid vessels

Tyrp1 Tag/Tyrp1 FGFR1-DN Inhibition of tumor development and angiogenesis in
primary and secondary tumors

Rho FGF-2 Latent phenotype revealed after injury (photo laser)

FGF, fibroblast growth factor; FGFR1-DN, dominant negative FGF receptor-1; Tyrp1, tyrosinase-related
protein-1; Tag, T antigen; Rho, rhodopsin.



Taken together, these observations suggest that FGF is a key component of the blood
vessel development system in the eye. Possible mechanisms are depicted in Fig. 1.

What are the signaling mechanisms induced by FGFs in the eye vasculature?
FGF-2 induces a strong activation of MEK1, ERK1/2, and P90(RSK) in choriodal

endothelial cells (CECs) (44). Blockade of Ras, MEK1, and ERK1/2 by pharmacological
agents significantly inhibited FGF2-induced cell proliferation, although not completely
(44). Furthermore, FGF2 stimulates the activation of the PI 3-K, P70(S6K) and Akt
(44). Blockade of PI 3-kinase also significantly decreased CEC proliferation (44). This
indicates that FGF signaling in CECs is dependent on both the MAP kinase and PI3
kinase pathways (44). These effects seem to be more pronounced for FGFs than for
VEGF (44).

Are FGFs implicated in pathological angiogenesis processes in the eye? It is possible
that FGFs may contribute to choroidal neovascularization. Indeed, laser photocoagula-
tion at low intensity in transgenic mice that overexpress FGF in photoreceptors
(rhodopsin promoter-FGF-2 mice) unmasks a latent proangiogenic phenotype (45).
Thus, under certain circumstances, such as retinal injury, FGFs may be released from
cells or matrices and induce neovascularization. Another possible involvement of FGF
in pathological angiogenesis is malignant ocular disease. To test this hypothesis, we cre-
ated a bigenic mouse model that expresses both FGFR1-DN and the T antigen (Tag)
under the control of the tyrp-1 promoter (46)6 . Monogenic tyrp1-Tag mice gave rise to
ocular tumors that started to develop from the RPE before birth at the anterior part of the
eye (ora serrata) and later grew at the median part and the posterior pole. The tumor then
filled the eye and invaded the optic nerve and the brain. Tumors from bigenic mice
demonstrated a significant reduction of size, a decrease of vessel density, and an increase
in the apoptotic rate. Furthermore, invasion into the neural tissue was significantly inhib-
ited. This effect is related to an inhibition of angiogenesis, as cocultures from RPE cells
derived from bigenic mice with capillary endothelial cells did not show an induction of
capillary morphogenesis, in contrast to RPE cells derived from tyrp1-Tag tumors.

Hypoxia is one of the driving forces in ocular angiogenesis, especially in the
retina. Despite evidence of hypoxia regulation of FGF expression during branching
morphogenesis in the fly, FGF does not seem to be controlled, in mammals, by
hypoxia-regulated systems (47)7 . 

However, it has been recently demonstrated that FGF receptor activity in endothelial
cells can be controlled by the HIF system (48). Li et al. have demonstrated that two
enzymes important for the biosynthesis of heparan-sulfate proteoglycans (HSPGs) are
hypoxia-regulated and induced a significant increase in the synthesis of HSPGs (48).
HSPGs are important coreceptors required for FGF receptor activity, and their increase
enhances FGF receptor activity. It is not yet established whether this type of regulation
is also operating in retinal or choroid blood vessels.

CONCLUSION

Fibroblast growth factors and their receptors are widely distributed in the ocular tis-
sue and exert pleiotropic effects. Recently, a number of observation have demonstrated
that FGFs are implicated in ocular angiogenesis as well:
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• FGFs are strong angiogenesis factors and induce a highly hierarchically ordered mature
vascular network in the cornea. This effect is synergistic with PDGFs.

• Inhibition of FGF receptor activity in transgenic mice in the eye gives rise to vascular
defects in the choroid and the retina. The choroid is poorly vascularized, thinned, and
shows a vessel branching defect. The formation of retinal vessels is completely inhibited.
These are developmental defects that appear prior to birth.

• FGFs also seem to play a role in neoangiogenesis processes in the eye. Laser-induced
injury reveals a latent proangiogenic phenotype in FGF-transgenic mice. Furthermore,
inhibition of FGF activity in transgenic mice expressing the T antigen in the RPE demon-
strated impaired tumor growth and a decrease in angiogenesis.

• FGFs are able to elicit specific signaling events in endothelial cells derived from the eye
vasculature. For example, FGF-2 stimulates the MAP kinase and PI-3 kinase pathways in
choroidal endothelial cells. This effect seems to be stronger than that of VEGF.

How FGFs are integrated in a signaling network with other players and precisely regu-
late vascular development in the eye in a coordinated fashion remains to be determined.
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INTRODUCTION

Pathological angiogenesis is by far the most common aspect of eye diseases. Corneal
lesions and inflammatory ocular diseases have a strong angiogenesis component and
are the most common causes of visits to ophthalmologists. Proliferative diabetic
retinopathy (PDR) and age-related macular degeneration (AMD) affect more than
7 million people in the United States alone. As described elsewhere in this volume,
pathological angiogenesis is also an important component of many other diseases of
the eye. Controlling blood vessel growth, therefore, offers a unique opportunity to
affect a wide spectrum of physiological and pathological functions. 

The vasculature of most tissues is held in a state of quiescence through a finely tuned
balance between pro- and antiangiogenic factors. Normal tissue repair, reproductive
cycles, and wound healing represent a few adult processes that require neovasculariza-
tion and stimulate physiological angiogenesis (1,2). Abnormal blood vessels can be
generated in response to numerous pathological stimuli as well. These are often leaky
and underlie the progression of most tumors, many inflammatory conditions, and a
wide range of human disorders (3). 

Dozens of pro- and antiangiogenic factors that are essential to maintain vascular qui-
escence in the adults have been identified. Some of the more well-characterized factors
are listed in Table 1. This group of molecules can be divided into two classes: those that
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Table 1
Pro- and Antiangiogenic Factors Currently Identified

Proangiogenic factors

Constitutive Cryptic fragments
Angiogenin Collagen type IV (proteolytic fragment)
Angiopoietin 1 Laminin (SIKVAV sequence)
Epidermal growth factor (EGF) SPARC (proteolytic fragment)
Fibroblast growth factor family (e.g., FGF-1 

and FGF-2)
Follistatin
Granulocyte colony-stimulating factor (G-CSF)
Hepatocyte growth factor (HGF)
Insulin growth factor 1 (IGF-1)
Interleukin-8 (IL-8)
Leptin
Matrix metalloproteinases (MMPs)
Midkine
Placental growth factor (PIGF)
Platelet activating factor (PAF)
Platelet-derived endothelial cell growth factor 

(PD-ECGF)
Platelet-derived growth factor (PDGF)
Pleiotrophin
Proliferin
Transforming growth factors (TGF-α and TGF-β)
Tumor necrosis factor (TNF-α)
Vascular endothelial growth factors (VEGF-A,B,C,D)

Antiangiogenic factors

Constitutive Cryptic fragments
Angiogenin Angiostatin (38-kDa plasminogen fragment;

Kringle 1–4)
Antiangiogenic antithrombin III (aaATIII) Angiotensinogen fragments
Brain angiogenesis inhibitor-1 (BAI-1) Arresten (fragment of rr α1 chain of type IV collagen)
Interferon α (IFNα) Canstatin (fragment α2 chain of type IV collagen)
Interferon inducible protein Endostatin (20-kDa fragment of XVIII collagen)
Interleukin-12 Fibronectin—29-kDa N-terminal fragment
Pigment epithelium-derived factor (PEDF) Fibronectin type 111 peptide
Placental ribonuclease inhibitor Fibronectin—40-kDa C-terminal fragment
Plasminogen activator inhibitor Heparin hexasaccharide fragment
Proliferin-related protein Kringle 1–5 (fragment of plasminogen)
Protamine NC1 domain of type VIII collagen α1
Somatostatin analogue octreotide PEX (metalloproteinase fragment)
SPARC (43 kDa secreted protein acidic Platelet factor 4 fragment (PF4)

and rich in cystein/osteonectin/BM-40) Prolactin—16-kDa N-terminal fragment
Thrombospondin-1 (TSP-1) Prolactin fragments
Thrombospondin-2 (TSP-2) Restin (22-kDa fragment of human collagen XV)



are constitutively found in their active form and those that become active only after
they are released by proteolytic cleavage of larger polypeptides. These molecules are
the players in key processes that stimulate endothelial cell growth, facilitate endothelial
cell migration, alter cell adhesive properties, permit tube formation, and promote sta-
bility of the newly formed vessel. Knowing whether these factors act independently,
hierarchically, or cooperatively is a prerequisite for developing decisive targeting strate-
gies against one or a few to promote pleiotropic effects on the others. Gene knockout
and transgenic animal studies implicate vascular endothelial growth factor (VEGF) as
one of the major initiators of both normal and pathological angiogenesis (5,6)6 . In this
chapter, we will discuss the growing evidence that one of the key factors that prevent
abnormal blood vessel growth, possibly by directly interfering with VEGF’s activity, is
pigment epithelium-derived factor (PEDF).

PEDF EXPRESSION

PEDF was first identified as a neurotrophic factor in conditioned medium obtained
from fetal human RPE cell cultures. The purified 50-kDa protein effectively switched
Y79 retinoblastoma cells from an actively growing suspension cell line to nonprolifer-
ating cells that attached to a substrate, extended neurites, and increased expression of
molecules associated with differentiated neurons at concentrations as low as 1 nM (nn 7,8).

The interphotoreceptor space is a major reservoir for the PEDF secreted by the RPE
cells in vivo. The vitreous contains a significant amount of PEDF as well, possibly
from sources such as the retinal ganglion cells, several cell types in the cornea, and the
ciliary epithelial cells, which have all been shown to synthesize the protein (Fig. 1).
Detection of PEDF in cultured Müller cells suggests that other types of retinal cells can
also be induced to express this protein (10).

PEDF is found in most regions of the brain (11). Ependymal cells are responsible for
some of the PEDF detected in the cerebrospinal fluid, but a variety of neurons also
express this protein. In the spinal cord, the protein is localized to motor neurons of the
ventral horn and some neurons in the dorsal horn. Like the retina, much of the brain
and spinal cord are bathed in this neurotrophic factor. Several nonneural tissues, including
skeletal muscle, bone, heart, placenta, and liver, also synthesize PEDF, but its function
in these organs is not yet elucidated (10–12).
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Antiangiogenic factors (Continued)

Constitutive Cryptic fragments
Tissue inhibitors of Tryp-tRNA synthetase (TrpRS) splice variant

metalloproteinases—TIMP 1
Tissue inhibitors Tryp-tRNA synthetase C-terminal fragment

of metalloproteinases—TIMP 2
Tissue inhibitors Tumstatin (fragment of α3 chain of type IV)

of metalloproteinases—TIMP 3 Vasostatin (fragment of calreticulin)
Vasculostatin

Note that different fragments cause some molecules to appear in both categories.



PEDF AND ANGIOGENESIS

An antiangiogenic role for PEDF in the retina emerged when Dawson et al. (13)
showed that PEDF inhibited angiogenic processes and was more effective than the
well-studied angiogenesis inhibitor angiostatin. PEDF inhibited endothelial cell migra-
tion even in the presence of proangiogenic factors such as FGF-1, FGF-2, VEGF, inter-
leukin-8, and lysophosphatic acid. This finding is not entirely surprising, as PEDF is
present in high concentrations in avascular regions of the eye.

PEDF is detected early in human and mouse development (14,15). The embryonic
expression of PEDF suggests that it may play a role in early vasculogenesis, although
there is currently little information on the ways in which antiangiogenic factors, such
as PEDF, can regulate this process. As a factor that can bind to specific extracellular
matrix components (see “Structure–Function Relationships of PEDF”), PEDF could
promote the spatial definition of developing vessel pathways. Such a role has been pos-
tulated for PEDF in the hypophyseal plate of bone and the uterine endometrium (16,17)7 .
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Fig. 1. Detection of pigment epithelium-derived factor (PEDF) expression in the mouse eye by
indirect immunofluorescence. (A,B) PEDF is expressed in the RPE cells (a) and collects in the
interphotoreceptor matrix surrounding photoreceptor outer segments (b). No fluorescence is
detectable over the photoreceptor cell bodies of the outer nuclear layer (c). (C,D) PEDF is
expressed by corneal epithelial cells (a) with more intense labeling in the limbal region (b). (E,F)
In the inner retina labeling can be found in cells of the ganglion cell layer (a) but very little in the
inner nuclear layer (b). (G,H) In the ciliary epithelium strong labeling is observed in the nonpig-
mented layer (a) but none in the pigmented layer (b). (A,C,E,G) Nomarski images; (B,D,F,H)
Fluorescence images. (Adapted from ref. 9.) See color version on companion CD.



This could also be true in the eye, where the concentration of PEDF in the limbal region
of the cornea may be part of the barrier that keeps the cornea avascular.

PEDF Inhibits Growth of New Blood Vessels

Pharmacological approaches to treat neovascular diseases can be divided into attempts
to block the actions of proangiogenic factors or to enhance the actions of antiangiogenic
factors. So far, VEGF has been a major target in ophthalmology to ameliorate neovascu-
larization in PDR and AMD. Although antagonists of VEGF show promising results,
VEGF therapy alone is unlikely to be sufficient to fully counteract angiogenesis because
of endothelial cell diversity, regional variation in tissue expression of VEGF, the com-
plexity of the VEGF family, isoforms and receptors, and the growth-stimulating contri-
bution of dozens of other factors in the angiogenic cascade. Antiangiogenic therapies
alone will not counteract the damaging effects of angiogenesis on various retinal cell
types. The alternative approach of augmenting both antiangiogenic and neuroprotective
molecules in the body is critical to effective treatments and is just beginning to be
explored in detail. The following discussion will be limited to the possible use of PEDF
as both a therapeutic antiangiogenic and a neuroprotective factor.

There is strong evidence that PEDF reduces blood vessel growth in the eye using
viral-mediated gene transfer approaches (see Chapter 20, this volume). Ocular injection
of an adenoviral construct containing the PEDF gene inhibits the formation of both
retinal and choroidal neovascularization in mouse models of ocular angiogenesis. Even
more important, PEDF causes regression of neovascularization already under way
(18,19). In other studies in which mice are placed in hyperoxic conditions, intraocular
application of an adeno-associated virus (AAV)-PEDF vector results in high levels of
PEDF expression in the eye over extended periods and a significant correlation with
reduced development of ocular vessels (20,21). Choroidal neovascularization arising
from laser-induced damage to Bruch’s membrane can also be inhibited by both intrav-
itreous and subretinal injections of AAV-PEDF (22). These studies are convincing and
indicate that PEDF establishes specific mechanisms of interference that mitigate vascu-
lar growth-propelling signals.

In addition to the growth of new vessels, many ocular problems arise because of
increased vessel permeability. One of the earliest activities observed for VEGF was
increased permeability of blood vessels (23). Recently, it has been shown that PEDF
cancels VEGF-induced increases in vascular permeability (24). Coinjection of PEDF
with VEGF into mouse eyes results in much lower fluorescein leakage than in eyes
injected with VEGF alone. More than 95% of the VEGF-induced permeability can be
abolished by PEDF as determined by quantitative assays using Evans blue. This addi-
tional activity of PEDF strengthens the argument for its use as a major component of
any ocular neovascular disease therapy.

PEDF and VEGF Strike Balance in Angiogenesis

As mentioned earlier, there are many pro- and antiangiogenic factors capable of mod-
ulating vessel growth, although not all play an equal role in this process. There is increas-
ing evidence that, at least in the eye, the balance between the proangiogenic factor VEGF
and the antiangiogenic factor PEDF appears to determine new vessel formation (25).
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Both factors are expressed very early in embryological development. For example, in the
highly vascularized liver, PEDF and VEGF are coexpressed, although there is differen-
tial expression of the VEGF isoforms during development (Fig. 2) (26)6 . In the adult eye,
VEGF levels increase and PEDF levels decrease in several angiogenic diseases. For
example, an inverse relationship is noted between these two factors in the vitreous of
patients with PDR and AMD, suggesting an underlying cooperative relationship between
these proteins in maintaining vascular quiescence. Analogous observations that PEDF
levels are lower in the vitreous of active compared with inactive forms of diabetic
retinopathy further support this theory (27–31). Both PEDF and VEGF are detected in
choroidal neovascular membranes and polypoidal choroidal vasculopathy, with
decreased expression of both in new vessels where fibrosis is present (32).

Although it is attractive to envisage a direct and unique relationship between PEDF
and VEGF, there is currently no evidence to support this at the molecular level. We
have shown that PEDF does not alter VEGF transcription in either basal or hypoxia-
stimulated conditions, and that VEGF does not alter the level of PEDF transcripts in
vitro (33). Thus effects on the levels of each factor may occur at the level of protein
secretion or degradation. However, there is growing evidence that PEDF blocks the
actions of VEGF on blood vessel sprouting. We have shown that although PEDF does
not alter VEGF levels, it reduces the transcription of VEGFR-2 (Flk-1) receptor, sug-
gesting that one way in which PEDF might antagonize VEGF is by reducing the avail-
ability of key VEGF receptors (33).
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Fig. 2. Detection of pigment epithelium-derived factor (PEDF) and vascular endothelial
growth factor (VEGF)-A expression in developing mouse liver by reverse transcription-
polymerase chain reaction (RT-PCR). PEDF mRNA is expressed at all developmental stages of
mouse liver. However, it increases at E15.5 and is maintained throughout the remaining stages
of liver development. VEGF-A165 is expressed at early stages in all developmental stages of
mouse liver but shows a marked increase at postnatal day 0. There are undetectable levels of
VEGF-A189 during early liver development but this isoform is expressed at high levels in the
liver at all postnatal days studied. Cyclophilin is used as internal control in each PCR reaction.
(Data from ref. 26.)



Another way in which PEDF can inhibit VEGF activity to maintain a normal bal-
ance in angiogenesis is by reducing the activation of the VEGFR-2 receptor. Our pre-
liminary data show that PEDF decreases phosphorylation of VEGFR-2 in human
umbilical vein endothelial cells (HUVECs) and alters the growth promoting signals
triggered by VEGF. In addition, VEGF-induced survival of endothelial cells is blocked
by PEDF in a caspase-dependent manner. The survival of HUVEC cells is thought to
be contingent on the activation of one or more specific signaling molecules including
AKT, Erk1/2, P38, and JNK. PEDF inhibits VEGF activation of AKT and Erk1/2 (34)
and enhances VEGF stimulation of P38 and JNK. When we interrupt these signals with
specific pharmacological inhibitors, we found that PEDF-induced death of HUVECs is
predominantly mediated through PI3 kinase and P38 MAPK. In addition, PEDF can
regulate the MAPK pathway by altering ERK1/2 phosphorylation in retinal endothelial
cells and by decreasing the expression of MAPKK (34). The modulation of ERK1/2
phosphorylation by PEDF varies according to the growth conditions under which cells
are exposed (34).

Antiangiogenic signals are also generated by PEDF through activation of the
Fas/FasL death cascade in endothelial cells (35). However, because PEDF inhibits ocu-
lar angiogenesis in mice deficient in Fas or FasL as well, it presumably has additional
inhibitory actions independent of the Fas/FasL cascade on endothelial cells (36)6 .

Interference with activation of caspase 8 and 3, two essential transducers of the
Fas/FasL cascade, blocks PEDF-induced apoptotic signals on endothelial cells. PEDF’s
control of apoptotic signals in these cells may be linked to its regulation of Flip 1, an
inhibitor of caspase 8 and a key mediator of cell death. Flip 1 is expressed above phys-
iological levels when VEGF activates NFkB in endothelial cells (37).7 PEDF can restore
physiological levels of Flip1 in the presence of VEGF in endothelial cells and thus may
restore the caspase 8 executioner pathway. Similarly, recent studies have shown that
VEGF-induced activation of the transcription factor NFAT can lead to increased Flip1
expression, and that this too is blocked by PEDF (38). 

Overlaid on this dynamic equilibrium of PEDF and VEGF levels is the interesting
finding that there is an age-related decrease in PEDF expression in a number of cell
types (14), and that this decline can be reset in cloned animals (39). Perhaps many age-
related neovascular diseases occur because the amount or activity of angiogenic
inhibitors such as PEDF has become attenuated.

Some factors can initiate the key first step of angiogenesis by causing an activation
and proliferation of endothelial cells that set in motion a complex cascade of interre-
lated events among cells, soluble factors, second messengers, and extracellular matrix
components. Molecules influencing early events in this cascade are likely to be stronger
regulators of angiogenesis and thus better growth-limiting targets.

PEDF Inhibits Tumor Angiogenesis and Cell Differentiation

The antiangiogenic activities of PEDF are not limited to neovascular eye diseases.
There is now evidence that the action of PEDF on tumor regression is twofold: partly
from its antiangiogenic activity and partly from cell differentiation effects. The original
identification of PEDF was directly related to a measure of its differentiation and antipro-
liferative activity on human retinoblastoma cells (1,2). This differentiation activity
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is also noticed in primitive neuroblastoma, which, when treated with the protein, is
converted into the less malignant ganglionic or other cell types, which, in turn, produce
more PEDF (40). In support of this biological activity, it has been shown that PEDF
expression is lost in metastatic subclones of some tumors, and that there is allelic loss
of the PEDF gene in others (41,42). In addition, others have shown that mouse lung
cancer cells infected with a PEDF adenovirus construct have less tumor burden, and
that the proliferation rates decrease in melanoma cells transfected to express PEDF
(43,44). Studies of human melanoma cells in mice have suggested that PEDF can inhibit
both migration and survival of melanoma cells and thus reduce metastases (45).

In many tumor studies it is difficult to separate direct antitumor effects of PEDF
from its powerful antiangiogenic activity. In numerous models, including lung carci-
noma, hepatocellular carcinoma, and melanoma, elevating the levels of PEDF reduces
the growth of blood vessels into the tumor, thereby reducing the tumor mass (44–47)7 .
These experimental studies are supported by clinical observations that patients whose
tumors have higher levels of PEDF expression show fewer metastases and have a better
prognosis (48).

These actions of PEDF on cell proliferation and blood vessel growth are further con-
firmed in a PEDF knockout mouse strain (49) where a lack of PEDF expression results
in hyperplasia of organs such as the prostate and increased microvasculature in several
tissues, including the retina. Based on these findings, it could be argued that PEDF
contributes to vascular quiescence by maintaining the differentiated state of endothelial
cells and by inhibiting growth promoting signals that lead to the aberrant proliferation
of these cells in neovascular diseases.

PEDF AND NEUROPROTECTION

Although the aberrant growth of blood vessels is a major factor contributing to the
progression of neovascular eye disease, it is the damage that it does to surrounding tis-
sues that ultimately leads to visual loss or progression of the disease. In the retina,
invading leaky choroidal vessels contribute to the degeneration of the retinal pigment
epithelium (RPE) and photoreceptor cells as seen in the wet form of age-related macu-
lar degeneration. In this condition, controlling neovascularization alone does not elimi-
nate the degeneration already in progress unless there is very early diagnosis. Thus, it
is important that neuroprotective factors are an essential component of therapeutic
strategies for these pathologies.

In addition to its antiangiogenic properties, PEDF is an effective neuroprotective
factor in many parts of the nervous system. In the eye, PEDF reduces apoptosis induced
by H2O2 or light damage in rat photoreceptors (50,51), preserves the spatial organiza-
tion, morphology, and function of photoreceptors after RPE detachment in a Xenopus
model of retinal degeneration (52), and protects retinal neurons from injuries caused by
increased intraocular pressure from transient ischemic reperfusion (53). In cells of
other parts of the nervous system, such as cerebellar granule cells, hippocampal neu-
rons and spinal cord motor neurons, nanogram amounts of PEDF provide protection
from the damaging effects of glutamate toxicity (54–56)6 . These protective effects add
to the value of PEDF as a therapeutic factor, as neurodegeneration is a common result
of neovascular disease.
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The conclusion that PEDF exerts neuroprotective effects in the nervous system
and apoptosis in endothelial cells appears contradictory. How does PEDF intercept
growth-promoting signals, accelerate cell death cascades, and prolong cellular life
span? Does it use multiple receptors? Are there buried fragments within the PEDF
protein that contain different biological activities? Does PEDF activate or permit
crosstalk with parallel transduction cascades? Are there differential responses to acti-
vation of a single pathway? Could cellular diversity account for variation in response
to PEDF? Are there developmentally regulated PEDF signals and responses? 
Are there developmentally regulated cues that would influence these signals and
responses?

Unfortunately, a receptor for PEDF has not yet been identified to allow us to clearly
address these questions. An 80-kDa PEDF binding protein has been detected on Y79,
cerebellar granule cells, and the retina but whether this is a receptor for PEDF or an
associated regulatory protein is still not clear (57)7 .

Although we are far from a comprehensive picture of how PEDF controls neuropro-
tective, differentiation, and cell death signals, examination of the molecules PEDF acti-
vates suggests three possible signaling modules: NFκB/AKT module, which is linked
to neuroprotective signaling; the MAP kinase module, which is associated with cell dif-
ferentiation and proliferation; and the caspase executioner module. In cerebellar gran-
ule cells, PEDF stimulates phosphorylation of IκB, leading to activation and
translocation of NFκB to the nucleus. This results in a chain of sequential events that
link the NFκB pathway to a defined extracellular signal and transcription of antiapop-
totic and neuroprotective genes (58). Whether the same pathways, or combination of
pathways, are responsible for both the antiangiogenic and neuroprotective actions of
PEDF has yet to be established.

It is worth noting that NFκB can also promote apoptosis by inducing FasL through
binding regulatory motifs on FasL promoter and that VEGF can activate NFκB to pro-
mote cell survival by reducing caspase 8 death-promoting signals. The available data
suggest that NFκB is a primary intracellular junction molecule used by PEDF (Fig. 3).
However, cellular diversity and other extracellular signals may allow signal crosstalk
between the NFκB cascade and other transduction pathways, or for cell-type specific
gene activation responses.

The hierarchy of PEDF’s action and signaling diversity could be influenced by other
factors, such as lateral complementation through cooperative signaling ligands, recep-
tors, pathways, and codes that cells use to generate diversity, as well as duration and
intensity of the signal. In addition, different cell types may use various combinations of
these mechanisms. Understanding how PEDF inhibits angiogenesis will certainly be
labor-intensive but potentially rewarding, as it could elucidate upstream mechanisms of
abnormal vessel growth in the eye and uncover other clinically relevant biological tar-
gets for ocular angiogenesis. 

Summarizing the data presented above, we can conclude that PEDF facilitates cell
movement into a quiescent phase of the cell cycle, aids in differentiation, protects neu-
rons from damage, and blocks angiogenesis. It is possible that these actions reflect acti-
vation of a few key signaling molecules that receive input from a wide spectrum of
normal and pathological stimuli.
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STRUCTURE–FUNCTION RELATIONSHIPS OF PEDF

Our detailed knowledge of the structure of PEDF provides explanations for some of
its observed properties and allows a rational design of PEDF-derived therapeutics.

We have recently identified the PEDFs from an additional eight species, bringing the
total to 13 (59). Alignment of all these sequences, which represent approx 300 million
years of evolution, shows that PEDF has a highly conserved hydrophobic signal
sequence and a single carbohydrate side chain, suggesting that its biological activity is
tightly linked to its secretion and critical to life throughout evolution.
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Fig. 3. Intracellular transduction pathways activated by pigment epithelium-derived factor
(PEDF) and vascular endothelial growth factor (VEGF). See color version on companion CD.



Based on the crystal structure of the 418 amino acid human PEDF protein (59), we have
identified several exposed peptides that are being tested for candidacy as strong PEDF
mimetics. In the future, the chemistries of these peptides could be structurally altered to
improve function and therapeutic delivery to replace the use of the entire protein.

There are two sites on PEDF for interactions with extracellular matrix molecules
that may contribute to both the neurotrophic and antiangiogenic actions of PEDF.
There is a concentration of aspartic and glutamic acid side chains in the N-terminal
portion of the protein, which promote binding with high affinity to type I collagen
and with lower affinity to type III collagen (61,62). Low-affinity interactions between
PEDF and heparin and other glycosaminoglycans have been found as well. These are
probably mediated by a large surface rich in the basic amino acids, lysine and argi-
nine (60,63). Binding to heparin is critical for the activation and function of some
serpins such as antithrombin (64) and interaction with other extracellular matrix com-
ponents is important to the function of factors, such as the fibroblast growth factor
(FGF) gene family.

PEDF is a member of the serpin gene family; its heparin-binding domain could be
important to its antiangiogenic activity, especially because endothelial cells contain a
significant amount of heparin sulfate on their surface. Whether these interactions with
extracellular matrix components modulate the activity of PEDF or provide a local reser-
voir of functional PEDF that could be released under specific normal or pathological
conditions is currently an area of research focus. Another possible mechanism of regu-
lating PEDF activity is suggested by a recent report that extracellular phosphorylation
of PEDF plays a key role in controlling both the antiangiogenic and the neuroprotective
activities of PEDF (65). Whether phosphorylation of the serine residues is a regulated
process and responsive to pathogenic stimuli has yet to be shown. 

The reactive center loop (RCL) of inhibitory serpins is an important structure of
these proteins. It is known to interact and inactivate specific serine proteases, thereby
controlling processes like inflammation, blood coagulation, and conformational dis-
eases such as Parkinson’s and Alzheimer’s disease (66,67)7 . The PEDF RCL is con-
served in evolution and is a prominent structure that extends from the molecule.
Although its function is not yet elucidated, it is a prime target for interactions with dif-
fusible factors and matrix molecules that could augment its function.

THERAPEUTIC POTENTIAL OF PEDF IN NEOVASCULAR
EYE DISEASES

The development of effective antiangiogenic therapies must also take into consider-
ation specificity of vascular targeting so that only new vessels deteriorate, while exist-
ing ones remain intact. Undesirable side effects such as hemorrhaging from existing
vessels or inappropriate degradation of extracellular matrix surrounding normal tissues
should be minimized. PEDF meets this criterion, as it has no known deleterious effect
on mature vessels (13).

One advantage to using endogenous antiangiogenic molecules, such as PEDF, to tar-
get new sprouting vessels is that they would not be expected to activate drug-resistance
genes and thus may offer some of the most promising breakthroughs for effective long-
term angiogenesis therapy. A further advantage of these molecules is that they are
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tolerated in the body and are unlikely to elicit an immunological response or produce
the toxic side effects of synthetic inhibitors. 

PEDF has the additional advantage of preserving neurons that are often damaged in
vascular diseases of the nervous system. Its differentiation effect on cancer cells could
also produce less-aggressive tumors and should be of additional therapeutic benefit in
the treatment of neural malignancies.

The concentration of PEDF in the eye is near therapeutic levels (14,28,31,68).
Providing additional amounts of PEDF, however, is clearly beneficial in many of the
disease models discussed above. It is possible that much of the PEDF detected in the
eye is not available because it is present in an inactive conformation or bound to other
molecules. Thus, therapeutic application of PEDF requires increasing its availability.
There are three ways of doing this: increasing endogenous synthesis, supplying PEDF
by gene transfer, and supplying PEDF protein or small peptides derived from it.

The expression of PEDF in the nervous system can be controlled by injury or oxy-
gen tension, but the molecular mechanisms responsible for this are unknown. Müller
cell PEDF secretion can be altered by hypoxia intraocular injection, which by itself is
known to increase the levels of PEDF (69,70). This has made interpretation of some
studies problematic to interpret where other factors have been injected. An alternative
approach is to use small molecules such as retinoic acid and dexamethasone, which can
increase the expression of PEDF in a number of cell types (10). It is possible that these,
or related, molecules can be applied to the eye in noninvasive ways that increase
endogenous PEDF expression. The PEDF promoter contains sites for other potential
regulatory mechanisms, and it is likely that future work will identify additional ways of
manipulating the transcription, translation, or secretion of this protein. One of the major
sources of ocular PEDF is the ciliary epithelium. Many drugs used to control intraocu-
lar pressure are applied as eyedrops and can regulate ciliary epithelial function. Thus it
is possible that compounds regulating PEDF expression in the ciliary epithelium could
also be delivered as eyedrops. 

As described above, and more fully in Chapter 20, PEDF DNA-mediated gene transfer
experiments show short-term attenuation of up to 50% growth of blood vessels. Certain
problems and risks to the individual are often encountered using current DNA-mediated
gene transfer strategies. These include obtaining clinically effective viral titers, toxicity
and immunogenicity due to the expression of viral genes, stable transgene expression in
individuals requiring long-term treatment, and insertional mutagenesis by random viral
integration into the host genome. Although continued development of improved viral vec-
tors and better control of gene expression levels will overcome some of these problems, it
is not clear that this is the most effective approach for long-term conditions with intermit-
tent flare-up such as diabetic retinopathy or macular degeneration.

The problem with using the PEDF molecule as a therapeutic agent is that it is a 50-kDa
protein. This creates difficulty in getting effective doses into the eye and in maintaining
therapeutic levels over extended periods. There is growing evidence that peptide frag-
ments of PEDF have substantial biological activity. Current evidence using peptide
fragments suggests that separate regions of PEDF may carry out neuroprotective and
antiangiogenic functions. Systematic mapping of functional regions of the PEDF mole-
cule has not been completed and the minimal size of active peptides is not yet defined.
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It may be possible to use small peptides as therapeutic agents; these could be formu-
lated in slow release devises to provide protection over extended periods of time (see
Chapter 22, this volume). The isolation of potent small PEDF peptides will also be
important in defining the biology of responses initiated by PEDF and identifying other
possible targets for antiangiogenic therapies. 

With continued improvement in long-term ocular drug delivery systems, active mix-
tures of PEDF peptides offer a viable, and possibly better, approach to controlling
chronic diseases that have neovascular episodes. It is likely that a truly effective anti-
angiogenic therapy will require a mixture of agents and adjunct strategies. Because of
the potency and multifaceted properties of PEDF it is likely to become one of the key
elements in any such cocktail. 

Finally, although this article focuses on the utilization of PEDF to block angiogene-
sis, there are pathological conditions, such as ischemia-related heart diseases, where an
increase in blood vessel growth may be desirable. Antagonists of PEDF would be more
valuable, and possibly more subtle, than the strong promoters of angiogenesis currently
being tested.

CONCLUSION

Naturally occuring antiangiogenic and neuroprotective factors will play a pivotal
role in combating vascular diseases. The properties of PEDF make it a strong candidate
gene to be tested in ocular antiangiogenic strategies. More important, the widespread
tissue expression of PEDF suggests that it should also be tested against a wider range
of angiogenic diseases, including tumors. It is crucial that we understand the biochem-
ical pathways with which PEDF interacts so that we can maximize the therapeutic
potential of this protein or its derivatives. With the increasing focus on PEDF activity in
many tissues, its signaling mechanisms, structure–function analysis of the molecule,
and the initiation of clinical trials, we should soon have a better understanding of the
multifaceted nature of this protein and its application in neovascular eye diseases.
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INTRODUCTION

A number of isolated studies clearly point to the contribution of thrombospondin-1
and related proteins to the regulation of angiogenesis in disparate eye compartments.
Surprisingly there has been no attempt to systematically review this information and to
summarize these proteins’ role in ocular angiogenesis. The goal of this chapter is to
provide a unified view of their function as a part of complex defense mechanism
protecting vascular stasis in the eye.

THROMBOSPONDINS: STRUCTURE, FUNCTION, MECHANISMS

The thrombospondin (TSP) family encompasses five proteins, TSPs 1 through 5,
with TSP5 frequently called cartilage oligomeric protein (COMP). TSPs are multi-
meric multidomain glycoproteins; they function at the cell surface and as matrix com-
ponents (matricellular proteins). The complexity of TSPs is striking: Multiple functions
conferred by their structurally diverse domains dictate an extremely complex biology.

TSPs are divided in two subfamilies: A includes trimers TSP1 and 2 (1–3) and B
encompasses pentameric TSPs 3–5, whose members lack the procollagen homology
region and type 1 repeats but have unique N-terminal regions (2–5) (Fig. 1).

Main Structural Determinants

TSP sequences are most homologous in the type 2 and 3 repeats and the C-terminal
domain, the hallmark of TSPs (Fig. 1) (82% identity in group A and 60% identity
between the groups). The type 1 (properdin) repeats, on the other hand, are found
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in evolutionarily and structurally diverse proteins unified into the thrombospondin type 1
repeat (TSR) superfamily, which likely emerged late in evolution by exon shuffling in
group A (reviewed in ref. 6 ). 

N- and C-terminal globular TSP domains are connected by a flexible stalk (7–10),
which stretches upon calcium depletion (11). The procollagen region is involved in
trimer assembly and folds as a compact monomer stabilized by disulfide bonds (12). In
type 1 repeats, antiparallel β-sheets form ellipsoids (13), type 2 (EGF) repeats are glob-
ular (14), and type 3 repeats form a rod unit (15). In TSP1 the type 3 repeats form a
common globular structure with the C-terminal domain (11). 

Type 3 repeats recruit multiple Ca2+ ions (2), an average of 35 Ca2+ per TSP1 mol-
ecule (16). Calcium binding confers conformational changes, which alter physical
properties, sensitivity to proteolysis, and adhesion potency of TSPs. TSPs bind heparin
(7)7 via a high-affinity heparin-binding motif BBXB in the N-terminal domain and the
lower affinity sites in type 1 repeats, which vary between the differentially glycosy-
lated forms (17,18).

General Functions
Attachment

TSP binds to the matrix components, proteases, cytokines, and growth factors (Fig. 1).
For some of these interactions critical motifs have been mapped in TSP1 domains and
repeats. TSP1 binding frequently modifies the behavior of binding partners, e.g., it lowers
activities of thrombin, plasmin, cathepsin G, and elastase, and improves the activity of
plasminogen activator inhibitor (19). 

TSPs support cell attachment in a Ca2+-dependent manner: All four regions of the
180-kDa TSP1 subunit carry interaction motifs for distinct adhesion receptors (Fig. 1).
The repertoire of TSP1 adhesion receptors, which combine and cooperate to stabilize
attachment, spreading, and cytoskeletal reorganizations, ultimately determines cell fate
(motility, proliferation, and survival) (20,21). For instance, endothelial cell attachment
is mediated by the RGD motif, whose availability is determined by the disulfide bond
pattern in the type 3 repeats, which, in turn, is regulated by protein disulfide isomerase
(PDI) (22). Thus only PDI-secreting cells are capable of RGD-dependent attachment
on TSP1 and 2 (20).

Development

The essential functions of TSP1 and TSP2 appear nonredundant. Mice null for
TSP1 or TSP2 show normal development and fertility and only partial overlap in
their respective sets of abnormalities (23,24). TSP1 knockouts display higher
embryonal lethality, spinal lordosis, early pneumonia, and increase in circulating
monocytes. TSP2 nulls have lax tendons, fragile skin, and high bone density. Both
TSP1 and TSP2 nulls show higher vascularization in select tissues and altered
wound healing (24,25).

Angiogenesis

TSP1 was the first identified natural protein inhibitor of angiogenesis (26)6 , with this
activity shared by TSP2 (27)7 . Studies of the knockout mice revealed no major changes
in the vascular development; however, TSP1 and TSP2 null mice show increased



vascularity in the nonidentical sets of tissues (23,24,28). In contrast, both proteins are
important in wound healing: angiogenesis is increased in skin wounds of both TSP1
and TSP2 nulls, while vascularization of the granulation tissue is delayed (24,25). TSP1
transgene targeted to the basal skin keratinocytes causes healing delays of the full-
thickness excision wounds owing to the impaired endothelial cell proliferation and
migration toward the granulation site. TSP1 overexpression also disrupts the normal
increase in vessel size/density in healing wounds (29).

Tumor Growth

Forced reintroduction of TSP1 or TSP2 inhibits the growth of diverse tumors—a
secondary effect due to the angiogenesis blockade (30–34). TSP decreases both the size
and number of tumor capillaries. TSP1 and TSP2 affect different stages of angio-
genesis: TSP1 is more effective in blocking endothelial cell migration and corneal
angiogenesis (27)7 , whereas TSP2 is more potent at inhibiting tumor growth in the
mouse model. The combination of TSP1 and TSP2 completely inhibits tumor growth
(30), also pointing to distinct molecular targets. 

TSP Molecular Pathways

TSP1 conformational flexibility, variability of the expression profiles, and activity of
the TSP1 receptors cause a staggering complexity of the cell-type specificity of func-
tional effects and cell surface interactions. TSP1 molecular mechanisms have been
defined for specific cell types and the deductions for other cell types could be made
only with caution.

Active Motifs

Complexity of TSP organization impedes the search for active epitopes conferring
antiangiogenic activity. Antiangiogenic TSP1 and TSP2 share N-terminal heparin-
binding domain (HBD) (35), a coiled-coil that dictates trimer assembly and contains
cysteines that form the internal disulfide bonds; a cysteine-rich procollagen-like
sequence, 3 type I (TSR or properdin) repeats similar to domains of complement pro-
teins C6-9 and ADAM-TS proteases; 3 type II (EGF) repeats; 7 calcium-binding type
III repeats; and a C-terminal globular domain (1,6)6 (Fig. 1). TSP1 stalk, a 50/70-kDa
proteolytic fragment, contains procollagen domain, the type I and II repeats, and is suf-
ficient to inhibit angiogenesis (36)6 . Recombinant TSP1 type I repeats block epithelial
cell (EC) proliferation and angiogenesis, whereas recombinant HBD interferes with the
endothelial cell proliferation (37,38). In contrast, TSP1 N- and C-terminal domains
stimulate EC migration and angiogenesis (39–41).

Screening of synthetic peptides detected inhibitory activity in the TSP1 procollagen
domain and in the type I repeats (36)6 (Fig. 1). CSVTCG motif in type 1 repeats has been
shown to bind to CD36, a molecule deemed as a TSP1 antiangiogenic receptor. Further
studies implicated an adjacent motif, GVITRIR also present in the antiangiogenic procol-
lagen domain, as a true active region, and CSVTCG as a sequence complementing its
activity (42,43). WXXWXXW, another antiangiogenic sequence in type 1 repeats, blocks
only basic fibroplast growth factor (bFGF)-induced vascularization, whereas GVITRIR
inhibits angiogenesis by multiple stimuli (44). D-enantiomers of the peptides containing
GVITRIR motif, with increased conformational stability are especially potent (45–47)7 .
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Receptors and Binding Proteins (summarized in Fig. 1)

The best-characterized receptor for TSP antiangiogenic signals is CD36, a member
of the scavenger receptor B family (48,49). TSP1 inhibitory peptides and fragments
bind recombinant CD36, and CD36 neutralizing antibodies and soluble fragments block
angiosuppresion by TSP1 (43). Stimulatory antibodies and other CD36 ligands mimic
TSP1 effects on EC. CD36-negative EC and CD36-null mice are refractory to the angio-
suppression by TSP1, whereas cell sensitivity is restored by CD36 reexpression (43,50).
The plasma protein, histidine-rich glycoprotein (HRGP), binds TSP1 at the same site as
CD36, and sequesters TSP1 from CD36 interaction (51). Thus HRGP may attenuate
TSP1 activity in the pathological situations, where plasma leakage is common. The
outcomes of systemic TSP treatments may also depend on HRGP levels in circulation.

TSP1 also directly binds and sequesters bFGF, thus neutralizing its proangiogenic
activity (52). TSP1 and TSP2 blockade of bFGF prosurvival activity is poroportional to
bFGF sequestration. However, VEGF receptor activation is not TSP-sensitive (53). 

TSP binds and activates TGF-β1, another angiogenesis mediator: the WSXW motif
binds latent precursor protein, whereas the KRFK sequence between the first and second
type I repeats is necessary for the activation (54). TSP2 contains the WSXW motif but
not the KRFK sequence, and thus binds but not activates TGF-β1 in vitro (55). Again,
the complexity of TGF-β1 role in angiogenesis renders accurate predictions regarding
the TSP/TGF interactions nearly impossible. 

TSP1 and TSP2 binding to serine proteases and matrix metalloproteinases (MMPs)
may affect the proteolytic events in angiogenesis, basement membrane degradation,
growth factor mobilization, and release of the cryptic fragments of matrix components.
TSP2 binds and directs MMP2 to the endocytosis receptor, LRP1 (56)6 . Lack of TSP2
causes excess MMP2, thus decreasing adhesion. MMP2 attenuation by TSP2 may also
block angiogenesis; as MMP2 deficiency impairs angiogenesis in healing wounds and
in tumor xenografts (57)7 . In TSP2-null mice, increased vascularity of sponge implants
is concomitant with MMP2 increase (58). TSP1 blockade of MMP9 opposes the release
of matrix-bound VEGF (59).

Other endothelial receptors may participate in the angiosuppression by TSP1 and 2.
Type III repeats contain RGD motif required for the binding to the integrin αvβ3, which
supports endothelial cell adhesion to TSP1 (24). Although the role of TSP1–αvβ3 inter-
action in angiostasis is not proven, it is feasible, as αvβ3 engagement by another angio-
genesis inhibitor, tumstatin, causes endothelial cell apoptosis (60).

Some of the TSP1 receptors are proangiogenic. Unlike soluble TSP1, immobilized
TSP1 stimulates proliferation of bovine aortic endothelial cells. This activity maps to
the N-terminal amino acids 190–201, which bind integrin α3β1 (61). Another site
(amino acids 17–31), binds cell surface calreticulin, and might prime endothelial cell
migration by disrupting focal contacts (62,63). The TSP1 N-terminal 25-kDa fragment
contains both these sites, and promotes endothelial migration and corneal angiogenesis
via a nonspecified receptor (41). 

Finally, C-terminal domains of TSP1 and TSP2 contain binding sites for the integrin-
associated protein IAP/CD47, a G protein-coupled receptor, which associates with αvβ3
and α2β1 integrins. The IAP binding site of TSP1 (4N1K) can be both stimulatory and
inhibitory. It inhibits tube formation but not proliferation of immortalized mouse
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brain endothelium (64). The same peptide stimulates EC adhesion and migration and
proangiogenic effect of high TSP1 concentrations has been attributed to the low-affinityff
IAP binding (39).

TSP1 activates TGF-β1 via the KRFK epitope. This TSP1 function determines sim-
ilarities between TGF-β1 and TSP1-null mice including pneumonia and abnormal vas-
cularization of the lung and pancreas (64a). Treatment with KRFK peptide increases
TGF-β1 activity and largely restores TSP1 knockouts to the wild-type phenotype.
Conversely, treatment of the wild-type mice with LSKL, a peptide from TGF-β1 latent
active peptide, which disrupts TGF-β1 activation, causes lung abnormalities similar to
those in TSP1-nulls (65). Thus TSP1 serves as a dominant activator of TGF-β1, and
therefore a modifier of the epithelial homeostasis and immune response. 

Signaling Events

Multiple studies implicated TSP1/CD36 complexes in the killing of the microvascular
endothelium, and delineate the ensuing signaling pathways (Fig. 1). TSP1 binding
promotes recruitment of the Src kinase p59fyn to CD36 (50) and subsequent phosphory-
lation of p38 and Jun N-terminal kinases (JNKs). Both JNK and p38 are required for
the apoptosis by TSP1 (50,66)6 . p38 activation enhances transcription of the cell surface
proapoptotic molecule CD95(Fas)L, which ligates CD95(Fas) death receptor to activate
caspases, DNA fragmentation, and apoptosis (67)7 (Fig. 2). 

Several studies demonstrate that TSP1, its fragments, and its peptides induce apoptosis
in the activated EC (45,50,68). Recent studies show that although they are protective
at high concentrations, several growth factors at low concentration range render
endothelial cells susceptible to apoptosis by TSP1 (53,67). Low doses of growth 
factors (vascular endothelial growth factor [VEGF], bFGF and interleukin-8 [IL-8])
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potentiate TSP1-dependent endothelial apoptosis by inducing CD95 translocation
from the intracellular pool in Golgi complexes to the cell surface. Caspase inhibitors
relieve TSP1 inhibition of angiogenesis, pointing to an essential role of apoptosis in
this process (50).

Recent findings identify the divergence between TSP proapoptotic and antiprolifera-
tive mechanisms (Fig. 2). Protective levels of the angiogenic stimuli, including VEGF,
fail to restore proliferation of the endothelial cells arrested at G1/S transition by TSP1 or
TSP2. Not surprisingly, cell cycle arrest due to TSP is not relieved by broad spectrum
caspase inhibitor (53). Antiproliferative events by TSP1 and TSP2 include p21-driven
inhibition of Rb and homolog p130 phosphorylation by the proangiogenic VEGF (69). 

Mechanosensitive Signaling

TSP1 is a unique function mechanosensitive death mediator. Vascular endothelium
undergoes apoptosis in the absence of flow (cessation of hemodynamic force)—a mech-
anism for the removal of irrelevant vasculature (70). Mechanical stimuli and apoptosis
are linked via an autocrine loop between TSP1 and αvβ3 integrin/IAP receptor complex
(71,72). The lack of flow causes a concomitant increase in secreted TSP1 and surface
IAP by confluent endothelial monolayer, whereas αvβ3 is expressed constitutively,
regardless of the flow conditions. An RGD motif binds to the αvβ3, whereas another
motif, CBD, recruits IAP and the resulting ternary complex initiates an apoptotic cascade
(71). TSP1, the only known protein carrying both RGD and CBD, is therefore a sole
mediator of the vascular remodeling in response to flow conditions.

GUARDING OCULAR FUNCTION

Angiogenesis in Eye Pathology

The role of TSPs in the eye is controversial and has not been systematically pursued.
However, several interesting leads have emerged in the past decades.

Proper eye function, reception, and transmission of the visual signals determine
stringent control of the vascular patterning in this complex tissue. It is obvious that the
light-transmitting areas, the cornea and the lens, have to remain free of capillaries.
Wound repair is normally dependent on the vasculature of the damaged tissue. However,
the transparent structures of the eye (e.g., central cornea, lens, vitreous) remain avascular
during repair and fibrosis. Even ophthalmic scars in the cornea remain avascular.

In contrast, the light-receiving retina contains photoreceptor neurons whose viability
is impossible without proper nutrition and oxygenation ensured by an adequate vascu-
lar supply. However, an extremely complex cellular architecture of the retina with its
multiple layers of cells with distinct and mutually dependent functions cannot be dis-
rupted by erratic capillary expansion. Thus intraretinal and subretinal (choroidal) capil-
laries, albeit necessary, should remain in stasis. Undesired expansion of the vasculature
in the retina and choroid is linked to multiple vision disorders, such as retinopathies,
vitreopathies, macular degeneration, and glaucoma (73–75).

Positive and Negative Angiogenic Mediators in the Eye

Steady-state angiogenesis, as that described in the eye, requires tight regulation via
multiple, possibly redundant, control elements. 

Thrombospondin 239



Vascular expansion in the developing eye is dependent on VEGF, a ubiquitous and
multifunctional inducer of angiogenesis (75). In the adult eye the presence of stimulatory
VEGF supports the viability of existing endothelium as well as vascular integrity:
Exposure to hyperoxia decreases VEGF in adult mouse retina while increasing endothelial
cell apoptosis and causing irreversible damage to the retinal vasculature (76)6 . Increased
VEGF production has been documented in the majority of patients with retinopathies
and macular degeneration (77,78).

The molecule mainly vaunted as a VEGF antiangiogenic counterpart is pigment
epithelium-derived factor (PEDF). Depletion of PEDF from the cornea, corneal extracts,
and vitreous fluid reveals underlying proangiogenic activity, which is largely due to
VEGF (79,80). The disturbances of the VEGF/PEDF ratio, rather than each of these
factors alone, seem to determine the course of vascular abnormalities in the eye
(81–83). 

In the embryonic eye retina PEDF expression is low at the early, prevascular stages
of eye development; it increases gradually and reaches maximum when the vasculature
is fully developed (80). VEGF, on the other hand, appears to decrease once the vascu-
lature has been formed (75). Thus, again, in eye development the ratio between pro-
angiogenic VEGF and its antiangiogenic partner, PEDF, appears to balance the fate and
pattern of vascular formation (84).

Nevertheless, the spectrum of the angiogenesis inhibitors and stimuli in the eye is
not limited to VEGF and PEDF; the angiogenic balance in the eye is considerably more
complex. Multiple effectors of angiogenesis have been detected in ocular fluids and tis-
sues. The inducers include, but are not limited to, stimulatory (IL-6), IL-8, insulin-like
growth factor (IGF)-1, IGF-2, and bFGF (85–91) and inhibitory secreted protein acidic
and rich in cysteine (SPARC), cryptic angioinhibitory fragments angiostatin and endo-
statin, and multiple thrombospondins (92–95). Although none of these has been
explored in the same depth as was the VEGF/PEDF equation, their presence is consis-
tent with the idea of multiple and at least partially redundant mechanisms controlling
proper vascularization of the ocular tissues.

Thrombospondin Expression Pattern

TSP is expressed by multiple cell types in the eye (Fig. 3A), including ocular pig-
ment epithelial cells, corneal endothelium, and stromal fibroblasts. It is constitutively
found at high levels in the aqueous humor (96,97)7 . TSP1 immunoreactivity localizes
to the epithelial basement membrane, posterior Descemet’s membrane, and endothe-
lium of human and bovine cornea. In normal corneal endothelium TSP1 staining is
localized to the basement membrane in a characteristic punctate pattern. After a circular
freeze injury the epithelial cells (ECs) surrounding the injury zone express signifi-
cantly higher TSP1 levels for at least 48 h. TSP1 is also localized at the tracks of EC
migration into the wound site, where it is thought to assist migration along the natural
basement membrane (98).

The bulk of the corneal stroma, stromal fibroblasts (keratocytes), and the anterior part
of Descemet’s membrane are devoid of TSP1. Consistent with TSP1’s role in attachment,
immunogold labeling shows focal TSP1 deposits on the membranes of corneal EC and
basal epithelial cells (99). Reverse transcription-polymerase chain reaction (RT-PCR)
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Fig. 3. Thrombospondin (TSP) in the eye, the role and regulation. (A) Schematic representation
of the eye tissues. The tissues and compartment where TSP affects angiogenesis are shown. (B)
Thrombospondin protects corneal angiostasis: Wounded (proliferating) corneal epithelium secretes
increased TSP1 levels, thus preventing vascularization of the cornea. (C) Thrombospondin: the
sources and regulatory influences in the retina. TSP generated by the retinal pigment epithelium
(RPE) cells ensures angiostasis in adult retina. Its expression is linked with vascular endothelial
growth factor (VEGF) via positive feedback loop: hypoxia-driven VEGF increase upregulates
TSP1 levels, which compensate for the downregulation of antiangiogenic pigment epithelium-
derived factor (PEDF). TSP-dependent delay in vascularization augments ischemia, which
contributes to the VEGF production. TSP is negatively regulated by glucose levels, possible
contributing to the progression of diabetic retinopathy. TSP is increased by increased pressure; this
increase may reduce cellularity of the trabecular meshwork in glaucoma patients. (D) The role of
thrombospondin in immune privilege of the cornea: TSP1 tethers and activates TGF-β on the
antigen-presenting cells (APCs) by binding CD36 and latent transforming growth factor-β precursor
via GVITRIR and KRFK sequences. Both APCs and T cells express another TSP1 receptor, CD47,
which diverts them from a normal immune response. FasL increase on corneal endothelium due
toTSP1 expedites elimination of the infiltrating T cells. See color version on companion CD.

analysis revealed the mRNA for TSP1, TSP2, and TSP3 but not for TSP4 or TSP5 in
keratocytes of the healing corneal wounds. Normal cornea contains mRNA for TSP1 but
not for other family members; however, the keratocytes stain positive for TSP1, TSP2,
and TSP3 only in repairing, and not in the normal adult human cornea (100,101).



The retinal pigment epithelium (RPE) is a monolayer of polarized cells localized
between retinal photoreceptors and blood vessels of the choroid. The basal surface of
the RPE cells rests on Bruch’s membrane, a complex extracellular matrix structure,
involved in several disease processes, including age-related macular degeneration
(AMD). Ruptures or abnormalities in Bruch’s membrane are frequently accompanied
by choroidal neovascularization, which could be aggravated by disturbed interactions
of the RPE cells with their extracellular matrix.

Human RPE cells growing in subconfluent monolayers express TSP1 message and
maintain TSP1 secretion. Human retinal tissue strongly stains for TSP1 in the RPE 
and patchily on some parts of Bruch’s membrane, whereas the neuroretina, choroid,
and sclera are TSP1-negative (97)7 .

Finally, the cells of trabecular meshwork express a thrombospondin-like cytoadhe-
sion protein (102), which may play a role in cell attachment at this site. Decreased
TSP1 production in the aging eye is thought to contribute to a decreased cellularity of
trabecular meshwork as a result of poor attachment (103).

Function in the Cornea

The roles of TSP1 and TSP2, both abundant in the cornea and in the iris stroma,
appear nonredundant when it comes to the control of physiological angiogenesis in the
cornea (104). Ectopic TSP1 is more potent in blocking bFGF-induced angiogenesis in
the rat and mouse cornea (27,104). Apparently, TSPs 1 and 2 are nonessential for the
establishing of the corneal angiogenic privilege, as the corneas of mice null for both
TSP1 and TSP2 are normal and avascular. On the other hand, the lack of TSP1 and
TSP2 increases vessel incidence in the iris stroma. Both TSPs are important in sup-
pressing postdevelopmental angiogenesis in the cornea: Angiogenesis induced by suturing
is greater in TSP nulls than in wild-type animals. Consistent with the differences in
TSP1 and TSP2 signaling mechanisms, their roles appear to be only partly redundant:
Constitutive angiogenesis in the iris is greater in TSP2 nulls, whereas suture-induced,
inflammatory angiogenesis is more prominent in TSP1 knockouts (27,104). Thus it is
possible that during development vascular privilege of the cornea relies on PEDF,
whereas thrombospondins are crucial components of the maintenance system, which
ensures the avascularity of the adult cornea.

In skin wounds TSP1 comes exclusively from the platelet α-granules. In the corneal
wounds, where platelet availability is limited by the lack of vascularization, TSP1 is
generated locally, by the corneal epithelium (105). TSP1 expression is enhanced in the
cornea, wounded either by abrasion or by laser treatment (106). The increase is
detectable on the wounded surface as early as 30 min postabrasion and persists until
reepithelialization is complete. The TSP1 mRNA level is increased in the wounded
corneas as much as three-fold compared with background control (107)7 . TSP1 increase
in the corneal epithelial wounds is probably responsible for the vascular privilege in
adults. The expression of TSP1 in the wounded area also has an indirect angioinhibitory
effect by promoting reepithelialization and thus reducing the duration of inflammatory
response and inflammation-associated angiogenesis (Fig. 3B).

Interestingly, avascular wound healing in the cornea may become a disadvantage as
it contributes to ophthalmic fibrosis (scarring), which may ultimately lead to blindness.
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Thus TSP1 production in the healing cornea has yet to be carefully gauged to determine
levels optimal for the balance between scarring and avascularity.

Consistent with its role in the repair of corneal epithelium, TSP1 levels are altered in
the patients with pseudoexfoliation (PEX) syndrome, a common but little-known degen-
erative condition (108). TSP1 expression is increased in keratocytes of the corneas
from patients with PEX, but not of age-matched normal corneas (109). Not inciden-
tally, the density of the corneal endothelium is lower in patients with PEX compared
with the non-PEX patients (110), likely reflecting increased TSP1-induced endothelial
cell apoptosis.

Studies of the strain-related differences in the inducer-stimulated corneal angiogenic
response revealed the weakest response in C57BL/6J and the strongest in 129S3/SvIM
mouse strains. Limbal vasculature surrounding the vascular area of the cornea was also
most prominent in 129S3/SvIM animals. When relative (normalized to Ang-2) message
level for the two angiogenesis inhibitors, PEDF and TSP1, was compared between
strains, PEDF levels were similar, whereas TSP1 expression was significantly lower in
the cornea of 129S3/SvIM (111), suggesting that the differences in endogenous TSP1
determine the appearance of the limbal vessels during quiescence. On the other hand,
because corneal neoangiognesis originates at the limbus, TSP1 and TSP2 levels
may determine and predict the extent of corneal angiogenesis in response to injury,
inflammation, or angiogenic stimuli.

In the Retina

In cultured RPE cells TSP1 treatment causes dramatic alterations of the secretory
pattern, namely an increase in proangiogenic factors, VEGF and bFGF. RPE grown on
TSP1-coated surfaces also shows increase in secreted VEGF, but not bFGF.
Unexpectedly, TSP1-dependent VEGF upregulation occurs regardless of oxygen con-
tent, thus suggesting that hypoxia-inducible factor (HIF) is not involved. This increase
in secreted angiogenic stimuli is partially blocked with the antibodies against integrins
α5β1, αvβ3, and αvβ5, suggesting the role for integrins as TSP1 receptors. However, it is
unclear if TSP1 contributes to the excessive choroidal neovascularization as TSP local-
ization to the Bruch’s membrane is, at best, patchy (112). On the other hand, the ability
of TSP1 to activate metalloproteases is likely to contribute to the RPE detachment form
Bruch’s membrane (113).

In mouse model of retinal neovascularization, TSP1 mRNA is increased from post-
natal day 13 (P13), with a maximum three-fold increase on P15, corresponding to the
time of development of retinal neovascularization. TSP1 expression is especially promi-
nent in neovascular cells, particularly those adjacent to the area of nonperfusion. Quite
unexpectedly, this increase in TSP1 is VEGF-driven: In bovine retinal microcapillary
endothelial cells VEGF changed TSP1 expression in a biphasic manner with an early
1.4-fold decrease at 4 h, and a late three-fold increase at 24 h. As VEGF-induced
endothelial cell proliferation can be completely inhibited by exogenous TSP1 and
increased with TSP1-neutralizing antibody, it seems probable that in the ischemic
retina, increased TSP1 expression in the neovessels in response to VEGF upregulation
constitutes a part of the protective response, which halts endothelial proliferation
and angiogenesis (114) (Fig. 3C).
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Retinal neurons interact with TSP via integrins containing the αv or β1 subunits
(115). Retinal glial (Müller) cells play a major role in vascular eye diseases as a source
of proaniogenic VEGF under hypoxic conditions due to ischemia. The same cells
release significant amounts of the antiangiogenic factors TGF-β2, PEDF, and TSP1.
Unlike PEDF, TSP1 is not downregulated by hypoxia. On the contrary, whereas in
human (MIO-M1) and guinea-pig Müller cells hypoxia causes a decrease in secreted
TGF-β2 and PEDF, TSP1 secretion is considerably elevated. This increase may be akin
to the VEGF-dependent TSP upregulation in retinal endothelium (114): The mix of
VEGF with antiangiogenic factors at ratios found in Müller cell secretions cultured
under either normoxic or hypoxic conditions failed to induce the proliferative response of
the retinal endothelial cells. However, antibodies to either one of the three angiogenesis
inhibitors relieved this proliferation blockade, indicating that Müller cells may perpet-
uate antiproliferative conditions for the retinal endothelial cells. Apparently, under
hypoxic conditions the loss of inhibitory TGF-β2 and PEDF is counterbalanced by
increased TSP1 (116)6 (Fig. 3C). 

These findings are supported by more general observations in TSP1 knockout mice,
where retinal vascular density is increased compared with the wild-type controls. This
relief in control of the retinal vascular density reflects significantly higher numbers of
retinal endothelial cells, which in turn may be explained by the lack of TSP1-dependent
endothelial cell apoptosis. During oxygen-induced ischemic retinopathy, the develop-
ing retinal vasculature of TSP1-null mice is less sensitive to vessel obliteration due to
hyperoxia. However, the return to normoxia induces a similar level of neovasculariza-
tion to that induced in wild-type mice. It is likely that low VEGF levels in hyperoxic
conditions sensitize retinal endothelium to TSP1-induced apoptosis (67)7 . The regres-
sion of ocular embryonic (hyaloid) and the newly formed retinal vessels during oxygen-
induced ischemic retinopathy in TSP1-null mice is also delayed (117)7 .

Treatment with exogenous TSP1 and its peptides containing tryptophan-rich heparin-
binding sequences and TGF-β1 activating sequence KRFK block retinal angiogenesis
in two independent models: a retinal explant assay and a rat model of the retinopathy of
prematurity. It is possible that heparin-binding sequences are acting indirectly, by
sequestering proangigoenic VEGF and bFGF (41). Peptides from the native TSP-1
sequence, with both the tryptophan-rich repeat and the TGF-β1 activation motif, were
most potent in the retinal explant assay, whereas heparin-binding sequence alone was
more active in blocking the retinopathy of prematurity. Thus TSP1 TSRs contain two
subdomains that may independently block neovascularization and could be independently
used for the treatment of retinal angiogenesis (118).

Thus TSP1 is an important modulator of vascular homeostasis in the eye, essential
for appropriate remodeling and maturation of the retinal vasculature.

TSP1 regulation is also linked to vascular malformations in diabetes: TSP1 or its
functional antiangiogenic fragment, gp140, are detectable in considerable quantities in vit-
reous samples from normal human, rat, and bovine eyes, in contrast with the vitreous and
aqueous humor samples from the diabetic rat eyes, which are virtually TSP1-negative.
Microvascular cells secrete TSP1 in vivo and in culture: TSP1 expression in vitro is
decreased in response to hyperglycemia. Decreased TSP1 levels correlate with the
nonuniform, tortuous, and dilated appearance of the blood vessels in diabetic animals,
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again underscoring TSP1 contribution to the vascular homeostasis in the retina and its
importance for preventing vascular dysfunctions and malformations associated with
diabetes (96)6 (Fig. 3B).

Recent studies in rat glomerular mesangial cells provide a possible mechanistic
explanation for these observations: In these cells glucose upregulates TSP1 at the
mRNA level. This regulation requires an 18-bp sequence within the –1172 to –878
region of the human TSP1 promoter, which specifically binds nuclear proteins upstream
stimulatory factors (USFs) 1 and 2. USFs themselves accumulate in the presence of
glucose via the protein kinase C, p38 MAPK, and Erk kinase pathways. Activation of
the cGMP-dependent protein kinase completely abolishes USF1 and USF2 binding to
the recombinant or endogenous TSP1 promoter due to hypergycemia. It appears that
PKG downregulates both USF2 levels and DNA binding activity under high-glucose
conditions, causing TSP1 downregulation (119). The same players may be involved in
the TSP1 regulation in diabetic vasculature. 

In Epiretinal Membranes

The role of TSP1 in the eye is not one-dimensional––there are some indications of
its unfavorable contribution to eye disease. Epiretinal and subretinal membranes (ERM
and SRM) are fibrocellular proliferations, which form on the surfaces of the neuroretina
as a sequel to a variety of ocular diseases. When these proliferations complicate rheg-
matogenous retinal detachment (a condition known as proliferative vitreoretinopathy
[PVR]), the membranes often contain numerous RPE cells and a variety of extracellu-
lar proteins. In ERM, TSP1 codistributes with vitronectin and SPARC, and may play a
role in the assembly of the extracellular matrix, which constitutes the bulk of the mem-
branes (120). In this context TSP1 and SPARC are likely to reduce RPE adhesion and
thus permit their migration and shape change during periretinal membrane develop-
ment. Furthermore, in a cocktail containing metalloproteinases, growth factors such as
hepatocyte growth factor, TSP1and SPARC may facilitate RPE cell dissociation from
Bruch’s membrane, an early harbinger of PVR (121). Migratory subsets of RPE cells
show positive immunoreactivity for TSP1 and SPARC; hence these two proteins may
become possible therapeutic targets in the management of ERM (113).

TSP1, Immune Privilege, and Ocular Angiogenesis 

The eye is one of the few tissues in the body characterized by immune privilege, a
condition associated with delayed graft rejection. Immune privilege is manifested by
the lack of MHC class II and reduced MHC class I expression in the cornea and in the
resident antigen-presenting cells (APCs) (122,123). As a result of a deficiency in
MHC-presenting APCs in the transplanted tissue, the recipient alloreactive T cells fail
to recognize donor APCs in the draining lymph nodes, and, to capture donor antigens,
are forced to invade transplanted tissue. Additional delay occurs when the new lym-
phatics have to emerge from the graft bed for the trafficking of recipient APC
(reviewed in ref. 124).

Once foreign antigens reach the draining lymph nodes, the immune privilege is main-
tained by tolerance induction, via anterior-associated immune deviation (ACAID), a
pathway existing solely in the eye, with exclusive formation of noncomplement fixing
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antibodies and a CD8+ T-cell response (125–128). CD4+/CD8++ + T-cell response is attenu-
ated by the regulatory T cells in the spleen and eye. In ACAID, antigen-primed APCs are
trafficking from the eye into the spleen where multicellular clusters of antigen-bearing
APCs from the eye interact with NKT and splenic B cells  (reviewed in ref. 129).

The final barrier upholding the eye immune privilege is held by the soluble immuno-
suppressive factors in the intraocular fluid and the cell surface molecules of the ocular
parenchyma (130). Constitutive expression of CD95L in the corneal endothelium
causes infiltrating T cells to apoptose, while complement-binding surface molecules
CD46, CD55, and CD59 prevent tissue destruction by complement fixation/activation.

TSP1 holds an important place among soluble factors suppressing the innate and
adaptive immune responses (131–133) (Fig. 3C). ACAID is supported by several of the
antiinflammatory factors in the aqueous humor. APCs exposed to aqueous humor in
vitro confer ACAID when returned to the eye, owing to the presence of TGF-β2, a TGF
isoform exclusive to the eye (128). Complex changes in the cytokine expression profile
of the APCs in the eye were found to be ultimately dependent on TSP1, whose expres-
sion is elevated in response to TGF-β2. The mechanism by which TSP1 promotes
ACAID is not completely understood but entails a decrease in IL-12 and CD40. TSP1 was
proposed to tether and then activate TGF-β on the APC surface via sequences binding
CD36 (GVITRIR) and latent TGF-β precursor (KRFK). Both APCs and T cells also
express another TSP1 receptor, CD47, which is thought to divert them from a normal
immune response (reviewed in ref. 124). Finally, the increased FasL due to TSP1 (67)7
may expedite the elimination of infiltrating T cells.

Inflammation and inflammatory disease are tightly linked to angiogenesis.
Angiogenic stimuli secreted or released from the matrix by immune cells into inflamed
tissue cause angiogenesis, which augments the existing pathology (134–138).
Angiogenesis and inflammation are controlled by the same soluble factors––T cells
activated by hypoxia secrete VEGF, but are also VEGFR-2-positive and differentiate in
response to VEGF (139). Conversely, inflammatory cytokines induce angiogenesis by
acting directly on endothelial cells (140) and indirectly, by stimulating leukocytes to
release angiogenic factors (141). Thus it is not entirely unexpected that the same con-
trols maintain immune privilege and angiogenesis blockade in the eye.

In addition to its role in ACAID, TSP also exerts direct immunosuppression of den-
dritic cells and macrophages (142–144). It is likely that immunosuppression by TSP,
including its pivotal role in ACAID, helps to maintain ocular angiostasis by subduing
the inflammatory response and its angiogenic potential. The significance of the ocular
immune privilege established by TSP in blocking inflammatory angiogenesis can be
clearly appreciated in cases in which this barrier is perturbed. For instance, in patients
with choroidal neovascularization, ocular macrophages express VEGF and tumor necrosis
factor (TNF)-α, which in turn stimulate VEGF production by RPE cells (145–147)7 .
Similarly, in corneas vascularized as a result of ocular disease, stroma and vasculature
are invaded by T cells and macrophages positive for proangiogenic TGFα, TGF-β1,
and VEGF (148). Postischemic inflammation causes an influx of macrophage-derived
TNF-α, which induces angiogenesis directly and by inducing production of MCP-1,
IL-8, and bFGF by retinal glia (149). Corneal dendritic cells, which express VEGFR-3
in the normal eye, may play a role in ocular lymphangiogenesis, as they can produce
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VEGF-C in response to inflammation induced by cauterization of the corneal surface
(150). Circulating polymorphonuclear neutrophils have also been shown to be neces-
sary for angiogenesis in a mouse model of FGF-2-induced corneal neovascularization
(151). Finally, ocular angiogenesis induced by herpes simplex virus infection in the eye
is dependent on MMP9 produced by neutrophils invading the cornea (152).

Thus the immune response can be a potent stimulator of ocular angiogenesis and the
central role of TSP1 in the maintenance of ocular immune privilege is equally central
in the maintenance of angiostasis.

CONCLUSION

In conclusion, the contribution of TSP(s) in ocular angiogenesis is beyond doubt.
Unfortunately, comparative studies evaluating and matching the input of multiple
endogenous angiogenesis inhibitors, including PEDF, SPARC, angiostatin, endostatin,
thrombospondins, and others are still deficient. There are isolated studies in which a
decrease in one angiogenesis inhibitor is followed by an increase in another (see PEDF
and TSP1), pointing to a likelihood of a compensatory mechanism(s). Compilation
analysis indicates that the functions of multiple angiosuppressive proteins in the eye are
at least partially redundant and that they may replace each other in the event of a deficit.
It is intuitively clear that such important function as visual perception has to be rigor-
ously protected via multiple lines of defense, but the cooperation between such defense
systems is yet to be unraveled. Undoubtedly, thrombospondins hold an important place
among these cooperating controlling elements. They contribute directly to the mainte-
nance of angiosuppression in the cornea, vitreous, and aqueous humor, as well as in
steady-state angiostasis of the existing vasculature in the vitreous and choroids.
Thrombospondin and its receptors are instrumental in upholding ocular immune privi-
lege and therefore indirectly contribute to ocular angiostasis by keeping inflammation-
related angiogenesis at bay. Finally, TSP’s unique function as a mechanosensitive
angiogenesis inhibitor marks it as a player and possible therapeutic target in the man-
agement of glaucoma. The role of TSP1 in diabetes is not fully understood. It is possible
that it is decreased concomitantly with PEDF due to hyperglycemia: Elimination of the
two main angiosuppressive proteins leads to drastic vascular malformations and leakage,
causing blindness, one of the devastating complications in diabetes. 

Thus the role of TSP1 in the eye warrants further scrutiny, and its antiangiogenic
derivatives may become promising investigative drugs to be used for the treatment
of multiple angiogenesis-related ocular diseases.
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INTRODUCTION

Angiogenesis, the sprouting of new capillaries from preexisting blood vessels, is a mul-
tistep process requiring the degradation of the basement membrane, endothelial cell
migration, capillary tube formation, and endothelial cell proliferation. Until recently, this
was considered to be the sole mechanism of neovascularization in postnatal life. However,
recent studies have altered this dogma with emerging evidence that bone marrow-derived
endothelial, hematopoietic stem, and progenitor cells contribute significantly to postnatal
neovascularization. Precise spatial and temporal regulation of extracellular proteolytic
activity mediated by matrix-degrading enzymes appears to be important in the initial process
of endothelial cell invasion into the extracellular matrix (ECM) (1), as well as in the recruit-
ment of progenitor cells to the angiogenic site. Endogenous inhibitors of these proteases
have been postulated to play a key role in maintaining the physiological quiescence of
blood vessels in adults. Here, we review the potential roles and mechanisms of action of
matrix proteases and tissue inhibitors of metalloproteinases (TIMPs) in angiogenesis. 

MATRIX-DEGRADING ENZYMES AS REGULATORS 
OF NEOVASCULARIZATION

Extracellular proteolysis is mediated for the most part by three families of enzymes
(Table 1): the matrix metalloproteinases (MMPs), the a disintegrin and metalloprotease

From: Ophthalmology: Ocular Angiogenesis: Diseases, Mechanisms, and Therapeutics
Edited by: J. Tombran-Tink and C. J. Barnstable © Humana Press Inc., Totowa, NJ

257



Ta
b

le
 1

E
xp

re
ss

io
n

 o
f 

M
at

ri
x 

P
ro

te
as

es
 i

n
 R

et
in

a

E
xp

re
ss

io
n 

in
 n

or
m

al
R

et
in

al
 v

as
cu

la
r

E
nz

ym
e

M
M

P
re

ti
na

di
se

as
e

C
ol

la
ge

na
se

s
In

te
rs

t it
ia

l c
ol

la
ge

na
se

;
M

M
P-

1
In

ne
r 

an
d 

ou
te

r 
nu

cl
ea

r 
an

d
PD

R
 m

em
br

an
e

(2
6)6

co
lla

ge
na

se
 1

pl
ex

if
or

m
 la

ye
rs

(2
6)6

; I
PM

an
d 

vi
tr

eo
us

(2
7)7

; p
er

iv
as

cu
la

r
m

ic
ro

gl
ia

 o
f 

op
tic

al
 n

er
ve

 h
ea

d
(2

8)
; B

ru
ch

’s
 m

em
br

an
e

(2
9)

G
el

at
in

as
es

G
el

at
in

as
e 

A
M

M
P-

2
IP

M
,v

itr
eo

us
,a

nd
 R

PE
In

cr
ea

se
d 

ex
pr

es
si

on
 in

(2
7,

30
,3

1)
; M

ül
le

r 
ce

lls
(3

2)
; 

IP
M

 (
33

)
an

d 
su

rr
ou

pe
ri

va
sc

ul
ar

 m
ic

ro
gl

ia
 o

f 
ve

ss
el

s
(3

4)
in

 A
M

D
op

tic
al

 n
er

ve
 h

ea
d 

(2
8)

; 
In

cr
ea

se
d 

ex
pr

es
si

on
B

ru
ch

’s
 m

em
br

an
e/

ch
or

oi
d 

(2
9)

PD
R

 m
em

br
an

es
(2

6
G

el
at

in
as

e 
B

M
M

P-
9

IP
M

,v
itr

eo
us

,a
nd

 R
PE

In
cr

ea
se

d 
ex

pr
es

si
on

(2
7,

30
,3

1)
;M

ül
le

r 
ce

lls
 

in
 A

M
D

 (
34

)
(3

2)
; B

ru
ch

’s
 m

em
br

an
e/

In
cr

ea
se

d 
ex

pr
es

si
on

 in
ch

or
oi

d 
(2

9)
PD

R
 m

em
br

an
es

 (
39

St
ro

m
el

ys
in

s
St

ro
m

el
ys

in
 1

M
M

P-
3

B
ru

ch
’s

 m
em

br
an

e;
 p

er
iv

as
cu

la
r 

?
m

ic
ro

gl
ia

 o
f 

op
tic

al
 n

er
ve

he
ad

(2
8)

M
em

br
an

e-
ty

pe
 M

M
Ps

T
ra

ns
m

em
br

an
e

M
M

P-
14

Sc
le

ra
,c

or
ne

a,
le

ns
,c

ho
ro

id
,R

PE
,

?
M

T
1-

M
M

P
an

d 
re

tin
a

(4
1)

; p
er

iv
as

cu
la

r
m

ic
ro

gl
ia

 o
f 

op
tic

al
 n

er
ve

 
he

ad
(2

8)
A

D
A

M
s

A
D

A
M

15
R

et
in

al
 c

ap
ill

ar
ie

s
?

M
M

P,
m

at
ri

x 
m

et
al

lo
pr

ot
ei

na
se

; 
P

D
R

,
pr

ol
if

er
at

iv
e 

di
ab

et
ic

 r
et

in
op

at
hy

; 
IP

M
,

in
te

rp
ho

to
re

ce
pt

or
 m

at
ri

x;
 

ag
e-

re
la

te
d 

m
ac

ul
ar

 d
eg

en
er

at
io

n;
 C

N
V

,c
ho

ro
id

al
 n

eo
va

sc
ul

ar
iz

at
io

n;
 A

D
A

M
,a

 d
is

tin
te

gr
in

 a
nd

 a
 m

et
al

lo
pr

ot
ei

na
s

258



Regulation of Ocular Angiogenesis 259

domain (ADAM) family and the a disintegrin-like and metalloprotease domain (reprolysin
type) with thrombott spondin type I repeats (ADAMTS) family. MMPs (e.g., collagenases;
gelatinases A, 72 kDa, and B, 92 kDa; and stromelysins) are a family of zinc-binding, Ca2+-
dependent neutral endopeptidases that can act together or in concert with other enzymes to
degrade most components of the ECM (2,3). These enzymes have been implicated in
invasive cell behavior; recent studies have indicated that MMPs play an important role in
the regulation of angiogenesis (4–8). MMP-2, the most widely distributed MMP is local-
ized on the surface of angiogenic blood vessels (9). Shedding of MMP-containing vesicles
by activated endothelial cells may be a mechanism for regulating focal proteolytic activity
vital for invasive and morphogenic events during angiogenesis (10). Mice deficient in
MMP-2, MMP-9, or MMP-14 exhibit reduced angiogenesis in vivo (11–13). In contrast,
ADAMTS-1 has been shown to sequester vascular endothelial growth factor (VEGF) and
prevent binding to its receptor (14), resulting in potent antiangiogenic properties (15).

A number of mechanisms by which remodeling of the ECM by MMPs and other pro-
teases can regulate angiogenesis have been proposed (Fig. 1) (8,16). Because MMPs
degrade proteins in the ECM, their primary function has been considered to be the break-
down of the capillary basement membrane to allow the migration of endothelial cells into
the surrounding matrix. MMP-2 interacts with αvβ3 on the surface of angiogenic blood
vessels (17)7 , which can be blocked by PEX (a noncatalytic C-terminal hemopexin-like
domainfragment of MMP-2) resulting in angiogenesis inhibition (18). More recently,
additional ectodomain shedding and release of matrix-bound angiogenic factors, cytokine
receptors, and adhesion molecules, mediated by MMPs (19) and ADAMs (20,21), has
been suggested to contribute to this process. In addition, MMPs are capable of disengaging
cryptic domains of basement membrane proteins to expose integrin binding sites and
angiogenesis regulatory sequences (18,22). Endostatin, arrestin, canstatin, and tumstatin
are examples of novel basement membrane-derived fragments that are endogenous
inhibitors of angiogenesis (23). Mobilization of bone marrow-derived endothelial progen-
itor cells (EPCs) to an angiogenic site is regulated by chemokines/cytokines. Recent evi-
dence suggests that MMP-9-mediated Kit ligand (stem cell factor) processing is essential
for the mobilization of EPCs (24). Survival of angiogenic endothelial cells and perhaps
EPCs is also regulated by cooperation between growth factor receptors and integrins,
which are governed by the composition of the local ECM (25). Thus, MMPs can play
both a proangiogenic role, by breaking down capillary basement membrane as well as
releasing matrix-bound angiogenic factors as well as an antiangiogenic role by generating
ECM fragments with antiangiogenic properties. The precise balance between these two
functions is likely important in the determination of the angiogenic state of a tissue.

MATRIX PROTEASES IN NORMAL RETINA
AND RETINAL NEOVASCULAR DISEASES

MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, and MMP-14 are expressed in the
human retina (Table 1). However, detailed spatial and temporal expression patterns of
the active forms of these enzymes has not been determined. Interestingly, expression of
active MMP-2 exclusively in the peripheral retina and its distinct absence from the
macula (29) suggests active remodeling in the periphery and provides clues to the
pathogenesis of macular disease. A complex pattern of MMP and ADAM gene expression
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Fig. 1. Role of MMPs in angiogenesis. The matrix metalloproteinases (MMPs) possess both
angiogenesis-inducing as well as inhibitory functions. MMPs can break down the capillary
basement membrane and allow the migration of endothelial cells into the surrounding extracel-
lular matrix (ECM) when initiated by angiogenic factors such as vascular endothelial growth
factor (VEGF). This effect might be a result of removing an inhibitory barrier of basement
membrane, inducing a migration stimulatory signal and/or by exposing cryptc binding sites
within the matrix molecule to stimulate migration. MMPs can also release matrix-sequestered
angiogenic factors such as VEGF and fibroblast growth factor (FGF)-2 and increase their
bioavailability. A fragment of cleaved collagen-IV binds to αvβ3 integrin and stimulates
angiogenesis. MMP-9-mediated Kit ligand processing stimulates the mobilization of endothelial
progenitor cells from the bone marrow into the circulation. MMPs play a critical role in the
processing of a number of bioactive ECM fragments such as endostatin, arrestin, canstatin, and
tumstatin that show potent angio-inhibitory properties. ADAMTS-1 has been shown to sequester
VEGF directly and prevent it’s binding to KDR. See color version on companion CD.



during postnatal mouse retinal development (42) suggests that these proteins play an
important role in the tightly regulated process of retinal neovascularization.

Retinal Neovascularization

Retinal neovascularization associated with hemorrhage or retinal detachment is a
complication of proliferative diabetic retinopathy (PDR), retinopathy of prematurity
(ROP), and retinal vascular occlusions. One commonly used model for studying the
pathogenesis of retinal neovascularization involves the exposure of newborn mice to
hyperoxia. Reduced retinal angiogenesis has been observed in hyperoxic mice deficient
in MMP-2, raising the possibility of MMP-2 playing a role in the regulation of patho-
logical retinal neovascularization (43). Furthermore, increased expression as well as
increased levels of the active forms of retinal MMP-2 and MMP-9 have been demon-
strated during the active phase of angiogenesis in this model (44,45). Reduction in
these levels by systemic administration of an MMP inhibitor resulted in reduced retinal
neovascularization (37)7 .

Proliferative diabetic retinopathy (PDR) is believed to be the result of a hypoxic
stimulus that drives the expression of angiogenic factors such as VEGF, which may
stimulate retinal capillary endothelial cells to secrete active MMP-2 (46) and initiate
neovascularization. Increased expression of MMP-2 and MMP-9 has been observed
in the vitreous as well as in the PDR membranes removed from patients’ eyes (26,31,
35,39,47). Bone marrow-derived stem cells target retinal astrocytes that serve as a
template for developmental and pathological retinal angiogenesis (48). More recently, a
role for tissue factor (TF)-VIIa protease complex in the induction of developmental
retinal angiogenesis via protease-activated receptor (PAR-2) signaling has been
proposed (49).

Choroidal Neovascularization

Age-related macular degeneration (AMD) is the leading cause of legal blindness in
the elderly population, with about 35% of people 75 yr or older suffering from some
degree of AMD. While the “wet,” neovascular form of AMD affects approx 10% of the
patients, choroidal neovascularization (CNV) accounts for more than 80% of the severe
debilitating vision loss in all AMD patients. It has been proposed that the thickening of
Bruch’s membrane seen in this disease might be a result of altered matrix turnover or
remodeling. Matrix-degrading proteases have been hypothesized to play a role in this as
well as in the initiation of the neovascular invasion of the choriocapillaris through
Bruch’s membrane. Various studies have described the increased expression of MMP-2
and MMP-9 in the Bruch’s/choroid complex with age (29) as well as in the interphoto-
receptor matrix (27)7 and choroidal neovascular membranes (34) in AMD eyes. Because
the increase in enzyme was mostly the inactive form, the question arises as to whether the
increased expression is causative or a consequence of the pathology. MMP-2 is involved
in the formation of experimental CNV in mice (38) and recently has been shown to
synergize with MMP-9 in promoting CNV (50). In addition, an as-yet unanswered
question is whether activation of MMPs precedes or is required for neovascularization
(51). Localization of MMP-2, MMP-7, and MMP-9 expression to areas of new vessel
formation in CNV membranes suggests a possible role in the development of this process
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(34,52). In the absence of a good animal model for AMD, this may begin to be addressed
by examining a large cohort of well-characterized disease donor eyes at various stages
of the disease. Comparisons between the exudative and nonexudative forms of the dis-
ease may provide clues to the role of the matrix-degrading proteases in the pathogenesis
of the complex phenotype of AMD. The potential efficacy of MMP inhibitors for the
prevention of CNV in patients at risk for development or for recurrence following laser
photocoagulation or surgical excision remains to be determined.

ENDOGENOUS INHIBITORS OF MMPs:
TISSUE INHIBITORS OF METALLOPROTEINASES 

MMPs need to be activated before executing their biochemical functions of degrad-
ing matrix. MMP activity is tightly regulated in response to the potential consequences
of disrupted ECM integrity (53). The complex regulation of these enzymes occurs via
numerous mechanisms such as transcriptional regulation, mRNA stability, cell com-
partmentalization, and activation of secreted proenzymes via proteolysis and via spe-
cific endogenous inhibitors. These include the tissue inhibitors of metalloproteinases
(TIMPs), which bind to activated MMPs with 1:1 molar stoichiometry (54,55); thrombo-
spondins (56–58); membrane-anchored glycoprotein reversion-inducing cysteine-
rich protein with kazal motifs (RECK); and α2-macroglobulin. Of these inhibitors,
TIMPs are considered the key inhibitors in tissue and will be the focus of this review.
Four TIMPs (Table 2) have been identified in vertebrates (54,59); their expression is
regulated during development and tissue remodeling with specific tissues expressing a
unique signature of proteinase and inhibitor expression (60). 

Mammalian TIMPs show 35 to 40% identity at the amino acid level and are
capable of inhibiting the MMP family of enzymes with equal efficacy in in vitro
assays (61). Structurally, TIMPs have a two-domain structure (N- and C-terminal
domain of 125 and 65 amino acids, respectively), with each domain folded into three
loops held together by three disulfide bonds (62). The N-terminal domain contains
the highly conserved CXC motif that is responsible for MMP inhibition. TIMP-1,
TIMP-2, and TIMP-4 are “soluble” proteins and are present in numerous body fluids
(63), whereas TIMP-3 is unique in being tightly bound to the ECM (64). This binding
is via the interaction of the C-terminal domain of TIMP-3 with heparan sulfate and
chondroitin sulfate chains on the cell surface or with secreted proteoglycans (65,66).
Through these interactions, TIMP-3 is localized and this may spatially regulate its
activity to specific sites. 

Although TIMPs do not show strong selectivity toward active MMPs (except for
TIMP-1, which is a poor inhibitor of all the MT-MMPs), they do show specificity in
association with the latent MMPs (e.g., TIMP-1 associates preferentially with pro-
MMP-9 and TIMP-2 associates with pro-MMP-2). The inhibitory profile of TIMPs
toward the ADAMs and ADAMTS molecules appears to be more selective. TIMP-3 is
unique in its ability to inhibit ADAM-17 (TACE) (67)7 , ADAM-10 (68), ADAM-12
(69), and the aggrecanases (ADAMTS-4 and ADAMTS-5) (70). It also inhibits the
shedding of interleukin-6 (IL-6) (71), L-selectin (72), and syndecans 1 and 4 (73) that
is thought to be mediated by the ADAM-type proteases. However, more recent evidence
suggests that the TIMPs may also show differential inhibition of the MT-MMPs. TIMP-3
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appears to be a higher-affinity inhibitor of MT3-MMP than MT1-MMP, whereas in
contrast, TIMP-2 is a better inhibitor of MT1-MMP (74). The same study showed that
TIMP-3 enhances the activation of pro-MMP-2 by MT3-MMP but not by MT1-MMP, in
contrast with TIMP-4, which did not support pro-MMP2 activation with either enzyme.
Thus the substrate specificity, transcriptional control, as well as tissue localization of the
respective TIMPs might be a mechanism to regulate the specific functions associated
with each of these molecules.

Biological Activities of TIMPs

In addition to its role in tissue remodeling as a consequence of its metalloprotease-
inhibiting functions, TIMPs have been shown to possess other biological activities.
TIMP-1 and TIMP-2 have erythroid potentiating (75,76)6 as well as cell growth promot-
ing (77,78) activities. Synthetic broad-spectrum MMP inhibitors do not demonstrate
similar growth-promoting activities, leading to the speculation that these properties
might be independent of the MMP inhibitory functions. In contrast to TIMP-1, TIMP-2,
and TIMP-4, which also have antiapoptotic activity (79–81), TIMP-3 induces apoptosis
in a number of cell types by stabilization of death receptors (82,83). More recently,
TIMP-3 has been shown to initiate cell apoptosis by inhibiting the shedding of TNFα
receptor from the cell surface via the Fas-associated death domain-dependent type II
pathway (82,84–87)7 . Studies suggest that the induction of apoptosis by TIMP-3 requires
MMP inhibition (67,82) although synthetic MMP inhibitors do not demonstrate similar
properties (85,88). Interestingly, the antiapoptotic activity of TIMP-1 and TIMP-4 (81)
appears to be MMP-independent (89). Overexpression of TIMPs by cancer cells inhibits
tumor growth in mouse models (90–95) with one report of stimulation of tumorigenesis
by TIMP-4 (81). Adenovirally or retrovirally delivered TIMP-3 has been shown to have
potent antitumor activity, as well as a bystander effect in an animal model of human
melanoma (96,97)7 . Since mouse genetic models and human diseases are useful tools to
dissect the biological functions of proteins, mice engineered to be deficient in TIMPs
have been generated and characterized. Absence of the TIMP-2 gene does not lead to
developmental defects, which might reflect genetic redundancy. It is interesting to note
that in all cases the mice are viable with varied phenotypes (Table 3).

Expression of TIMPs in Retina

Interphotoreceptor matrix, vitreous, and inner and outer nuclear cell layers of the
retina express TIMP-1 and TIMP-2 (Table 4) (27)7 . In situ hybridization studies demon-
strate the presence of TIMP-3 mRNA in retinal pigment epithelium (RPE) cells (113).
TIMP-3 protein is present in low levels around blood vessels in human and nonhuman
primate choriocapillaris, Bruch’s membrane, and drusen (114,115), and more recently,
has been shown to bind to sulfated glycosaminoglycans of the ECM (66)6 . Accumulation
of TIMP-3 has been observed in ECM deposits in Sorsby’s fundus dystrophy (SFD)
(116)6 , AMD (115), and malattia leventinese (117)7 . TIMP-3 is the only MMP inhibitor
that has been implicated directly in an inherited disease.

Sorsby’s Fundus Dystrophy

SFD, a fully penetrant, autosomal dominant, degenerative disease of the macula
(123), is manifested by symptoms of night blindness or sudden loss of acuity, usually
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in the third to fourth decades of life, due to submacular neovascularization (124–127)7 .
Clinically, early, midperipheral drusen and color vision deficits are found (126,127)7 .
SFD is a relatively rare disease but has generated significant interest because it closely
resembles the exudative or “wet” form of age-related macular degeneration (AMD).
SFD is characterized by accumulation of extracellular deposits (drusen) in Bruch’s
membrane, the five-layered sheet of connective tissue separating the RPE from the
choriocapillaris (128). This is distinct from the basal linear deposits seen in AMD,
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Table 4
Expression of Tissue Inhibitors of Metalloproteinases (TIMPs) in Retina

Expression Retinal vascular Experimental model
TIMP in normal retina disease of ocular neovascularization

TIMP-1 Interphotoreceptor matrix 
(IPM) vitreous (27)7 ; 
inner and outer nuclear 

cell layers (26)6
TIMP-2 IPM/vitreous (27)7 ;

inner and outer nuclear
cell layers (26)6 ; Bruch’s
membrane (118)

TIMP-3 Retinal pigment epithelium/ Age-related macular Inhibition of choroidal  
Bruch’s membrane degeneration (115); neovascularization (121)
(113–115,118–120); Sorsby’s  fundus and angiogenesis in
IPM/vitreous (27)7 dystrophy (116)6 ; retinopathy of 

malattia  leventinese prematurity model (122)
(117)7

Table 3
Phenotype of Mice Deficient in Tissue Inhibitor of Metalloproteinase (TIMP) Genes

Genotype Phenotype

TIMP-1–/– Hyperresistant to corneal infections with Pseudomonas aeruginosa (98,99);
decreased atheroslerotic plaque and increased aneurysms (100); alterations
in left ventricular geometry (101); increased medial degradation in mouse
model of atherosclerosis (apoE–/–) (102); increased postinjury myocardial 
remodeling (103); impaired nutritionally induced obesity (104); altered
reproductive cyclicity and uterine morphology in reproductive-age female
mice (105) and decreased serum progesterone levels during corpus luteum 
development (106)6 ; decreased retinal neovascularization in transgenic vascular 
endothelial factor mice (107)7 . 

TIMP-2–/– Reduced pro-matrix metalloproteinase (MMP)-2 activation (108); normal 
development, viability, fertility, and immune responses (99,108).

TIMP-3–/– Spontaneous airspace enlargement in lungs (87)7 and impaired bronchiole 
branching morphogenesis (109); increased lung compliance defects following
septic lung stress (110); accelerated apoptosis in mammary glands (111);
dilated cardiomyopathy (112).

TIMP-4–/– nt



which consists of filamentous fine granular material and may represent a thickened
basement membrane of the RPE (128). The subretinal deposits in both SFD and AMD
have been shown to be rich in TIMP-3 (115,116,129). However, no increase in TIMP-3
RNA was found in the RPE in SFD (130). Possible posttranslational modifications or
oxidative processes may contribute to an aggregation of TIMP-3, leading to accumulation
of the protein in drusen (117,129). A serious complication of SFD and AMD is the
invasion of the thickened Bruch’s membrane by newly formed, thin-walled vessels
derived from the choriocapillaris. These vessels grow into the subretinal space, causing
exudative detachment of the RPE and loss of photoreceptors (131). The symptom of
night blindness in SFD can be reversed by large doses of vitamin A, supporting the
notion that nutritional deprivation of photoreceptors, owing to the thickened Bruch’s
membrane, may be a part of the pathophysiology of the disease (125). It is possible that
this membrane thickening may also contribute to hypoxic conditions for RPE cells and
result in increased secretion of the angiogenic factor, vascular endothelial growth factor
(VEGF), which can induce neovascularization. Based on similar clinical and histopatho-
logical features, in particular at the level of Bruch’s membrane, SFD has been consid-
ered to be a genetic model for the more common macular degenerations (128,132–134).

TIMP-3 Mutations Cause Sorsby’s Fundus Dystrophy

SFD has been linked with mutations in the TIMP-3 gene (135–137)7 , with eight
different missense mutations and a splice site mutation having been identified to date.
Interestingly, all mutations identified so far occur in the COOH-terminal portion of the
TIMP-3 protein with the introduction of a new cysteine (Fig. 2). These additional thiol
groups are located close to the last two conserved cysteine residues, which are believed
toparticipate in normal intrachain disulfide bond rearrangements (138). It has been
proposed that the C-terminal domains may participate in the modulation of the
TIMP/MMP interactions by increasing the low-affinity binding characteristics between
the two molecules (139,140). It remains to be determined whether the introduction of a
new cysteine in SFD-TIMP-3 affects binding to and/or activation of MMPs. Based on
the dominant nature of the disease and its similarity in unrelated families, it is possible
that the new cysteine may participate in abnormal interchain bonds with another ECM
protein present specifically in the retina. This might explain the presence of an ocular
phenotype but sparing of other organs in SFD. It can be hypothesized that SFD
mutations in TIMP-3 may lead to an abnormal turnover or localization of TIMP-3
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Fig. 2. Cysteine substitutions in exon 5 of the tissue inhibitor of metalloproteinase (TIMP)-3
gene cause Sorsby’s fundus dystrophy. See color version on companion CD.



together with altered binding to specific ECM molecules present in Bruch’s membrane.
This might play a role in the thick deposits seen in SFD as well as in changing a
biological function attributed to normal TIMP-3. Concomitantly, the increased MMP
activity generated by the mutant TIMP-3 may induce CNV (141). SFD is of consider-
able interest, as it is the only genetic disorder in which hemorrhagic macular degeneration
occurs in the majority of affected patients. It is likely that TIMP-3 might be an important
physiological angiogenesis inhibitor of the choriocapillaris, and mutations or oxidative
modifications might result in the loss of its angioinhibitory activity. Thus, understanding
the role of TIMPs in the regulation of angiogenesis may provide clues to deciphering
the mysteries of ocular neovascular diseases.

TIMP-3 Expression in the Eye

In situ hybridization studies have demonstrated the presence of TIMP-3 mRNA in RPE
cells (113). TIMP-3 protein is present in low levels around blood vessels in human and
nonhuman primate choriocapillaris, Bruch’s membrane, and drusen (114,115). A progres-
sive increase in expression of TIMP-3 during postnatal mouse retinal development suggests
a possible regulatory role during retinal neovascularization (42). Accumulation of TIMP-3
has been observed in ECM deposits in SFD (116)6 , malattia leventinese (117)7 , and AMD
(115). Based on previous results of inhibition of angiogenesis by TIMP-3 (142), it can be
hypothesized that TIMP-3 may be required to maintain the choriocapillaris in a quiescent
state by controlling and localizing the degradation of the matrix around the blood vessels.

DIFFERENTIAL EFFECTS OF TIMPs ON ANGIOGENESIS

TIMPs have been shown to have antiangiogenic properties (142–147)7 . Although
structurally similar, members of the TIMP family demonstrate differential effects on
the component processes of angiogenesis. Endothelial cell migration is inhibited by
TIMP-3 (142) and TIMP-2 (147)7 but not by TIMP-1 (142). Microvascular endothelial
cell proliferation appears to be inhibited exclusively by TIMP-2, whereas TIMP-1 has
been reported to stimulate capillary endothelial cell growth (77,147)7 . TIMP-2, TIMP-3,
and TIMP-4 inhibit tube formation induced by basic fibroblast growth factor (bFGF)
and VEGF (142,148). VEGF-mediated angiogenesis in an in vivo chicken chorioallantoic
membrane assay was inhibited by TIMP-3 but not by TIMP-1 (149). These results suggest
that the antiangiogenic activities of TIMP-2 and TIMP-3 are more closely related to
each other than to TIMP-1. TIMP-3 inhibits experimental CNV (121) and retinal
neovascularization in a ROP model (122) (Table 5).
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Table 5
Angiogenesis Inhibition by Tissue Inhibitors of Metalloproteinases (TIMPs)

Angiogenesis TIMP-1 TIMP-2 TIMP-3 TIMP-4

Capillary EC proliferation Stimulates Inhibits No effect nt
In vivo angiogenesis Inhibits Inhibits Inhibits nt

Stimulates None
None

Choroidal neovascularization Stimulates nt Inhibits nt
Retinal neovascularization nt nt Inhibits nt



The detailed molecular mechanism by which TIMP-2 and TIMP-3 inhibit angiogenesis
have been recently studied and yielded unexpected results (Fig. 3). Both molecules
inhibit angiogenesis by MMP-independent mechanisms (149,150). TIMP-2 inhibition
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Fig. 3. Differential effects of tissue inhibitor of metalloproteinase (TIMP)-2 and TIMP-3
on vascular endothelial growth factor (VEGF)-mediated angiogenesis. TIMP-2 inhibition of
angiogenesis occurs via α3β1 integrin-mediated binding of TIMP-2. A decrease in total protein
phosphatase activity associated with β1 integrin subunits results in an increase in phosphotyrosine
phosphatase (PTP) activity associated with fibroblast growth factor receptor (FGFR)-1 and
KDR (VEGFR-2), leading to an inhibition of the downstream signaling pathway. TIMP-3 blocks
the binding of VEGF to KDR and thereby inhibits VEGF-mediated angiogenesis.



of angiogenesis occurs via α3β1 integrin-mediated binding of TIMP-2 to endothelial
cells. A concomitant decrease in total protein phosphatase activity associated with β1
integrin subunits along with an increase in  phosphotyrosine phosphatase (PTP) activity
associated with FGFR-1 and KDR (VEGFR-2) were critical for the inhibitory activity
of TIMP-2 (150) (Fig. 3). The COOH-terminal loop 6 domain of TIMP-2 was recently
found to be critical to inhibiting mitogen-driven angiogenesis (151). In contrast, TIMP-3
blocks the binding of VEGF exclusively to its receptor KDR and inhibits downstream
signaling and angiogenesis (149) (Fig. 3). This inhibitory activity is also contained in
the COOH-terminal end of the protein (Anand-Apte, unpublished observations). TIMP-3
is a secreted protein that distinguishes itself from other members of the TIMP family
by its ability to bind to the ECM. In the outer retina, TIMP-3 is synthesized by the RPE
and deposited into Bruch’s membrane (113–115,152). The specific localization of KDR
at the inner choriocapillaris, facing the RPE, supports the notion that VEGF secreted by
the RPE is involved in a physiological paracrine association with the choriocapillaris
(153). By virtue of its angioinhibitory properties as well as its presence in Bruch’s
membrane, it could be hypothesized that TIMP-3 plays an important role in the regula-
tion of the angiogenic state of the choriocapillaris. Although the development of the
choriocapillaris is being analyzed in detail in mice deficient in TIMP-3 (Anand-Apte,
unpublished observations), there appear to be no gross abnormalities on fluorescein
angiograms. This suggests the possibility that there may be compensatory mechanisms
that come into play or that TIMP-3 might more specifically inhibit pathological
neovascularization because of an excess of angiogenic molecules, as seen in AMD. The
recent report that TIMP-1 expression increases retinal neovascularization in a mouse
model (107)7 reinforces the fact that the control of ocular neovascularization is a com-
plex series of events. It also cautions against a rush to clinical trials prior to gaining
knowledge about detailed mechanisms of actions of potential therapeutic molecules.

CONCLUSION

At present, our understanding of the pathogenesis and regulation of ocular neovascu-
larization is at best in its infancy. There are a number of molecules that interplay to reg-
ulate this very tightly controlled process. Given that TIMPs have multiple functions,
both MMP-dependent and -independent, and that MMPs, ADAMs, ADAMTS, and inte-
grins are all part of a meshwork of molecules that are potent regulators of angiogenesis
themselves, further knowledge needs to be gained regarding the role of these proteins
in the control of retinal and subretinal neovascularization.
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INTEGRINS

The integrin family of membrane proteins are ubiquitously expressed cell surface
receptors that not only mediate cell anchorage to the surrounding extracellular matrix,
but are also critically important in transducing environmental cues to subcellular sig-
naling pathways. Integrins play important roles in cell differentiation and survival and
have generated interest in diverse fields ranging from structural biology and immunol-
ogy to tumor biology and ophthalmology. Much of the interest has centered on the
roles of integrins during cell–cell adhesion, such as that which occurs between endothe-
lial cells and leukocytes during arrest and extravasation from blood vessels during
inflammation. Another major area of interest has been the function of integrins and
their interaction with the extracellular matrix (ECM). Integrins specifically bind com-
ponents of the ECM such as fibronectin and vitronectin, but also non-ECM molecules
such as von Willebrand factor and thrombospondin. The specificity of interaction with
various ligands is a result of the noncovalently linked α/β chains that form the func-
tional integrin heterodimer. The α-subunit is comprised of approx 1000 amino acids
and contains calcium-binding motifs that are critical to integrin function (1). Integrin
β-subunits are made up of approx 750 amino acids and introduce additional variability
through alternative splicing of the cytoplasmic regions. Different pairings of α- and
β-subunits produce at least 20 different integrin heterodimers with distinct but overlap-
ping binding specificities (2). In turn, each ECM component may be recognized by
several integrins. In general, integrins recognize amino acid sequences that contain a
key acidic residue that is critical for binding (3). A common example of an integrin
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ligand sequence is the RGD (Arg-Gly-Asp) sequence, which is found in a number of
integrin-binding proteins (4). Integrin-binding sequences that are unrelated to the RGD
motif show structural and topological similarities to the RGD sequence, suggesting that
specific spatial elements are required for recognition (5). Some integrins are known to
require activation in order to bind their corresponding ligands, a mechanism referred to
as “inside-out” signaling. For example, the αIIbβ3 integrin is a constitutively expressed
receptor on platelets but is able to bind its primary ligand, fibrinogen, only after a con-
formational change induced by platelet activation (6)6 .

In addition to their roles as adhesion molecules, integrins have been described in a
large body of work as signal-transducing molecules that regulate important cellular
functions such as proliferation, gene expression, migration, and apoptosis (7).
Integrins possess no intrinsic biochemical activity. Thus, in order to serve as signal
transducers, they must recruit other molecules to perform these functions. Integrin
cytoplasmic domains associate with a large number of adapter proteins and tyrosine
kinases that carry out the signaling functions of these receptors (8). The integrins are
named for this function as integrators of the ECM and cytoplasmic complexes.
Through various adapter proteins, the integrins are indirectly linked to the cytoskele-
ton and exert control over its functions. The small GTPase, Rho, has been shown to
mediate effects of integrins on the cytoskeleton, although the events downstream of
Rho are complex and still being elucidated (9). A reciprocal relationship exists in this
system in which integrins regulate the cytoskeleton and, in turn, the cytoskeleton can
influence integrin function, for example, integrin clustering and focal adhesion for-
mation (10). Integrin ligation results in increased levels of tyrosine phosphorylation,
events that are carried out by protein tyrosine kinases that propagate extracellular
signals initiated by integrin receptors (11). Phosphorylated tyrosines can be recog-
nized by proteins that contain the modular adapter domain known as the Src homo-
logy 2 (SH2) domain, named after a central player in integrin signaling, Src (12). This
domain, along with a number of other modular domains, including SH3 and protein
tyrosine binding (PTB) domains, are present in different combinations in proteins
that lack catalytic activity but serve important functions as adapter proteins. Thus,
extremely complex signaling networks exist that use tyrosine kinases and their corre-
sponding recognition domains as “switches” to turn particular pathways “on” or
“off.” Also included in these networks are phosphatases, which play important roles
in the regulation of pathways involving tyrosine phosphorylation events (13,14). The
endpoints of these integrin-regulated pathways include control of cell migration,
gene expression, and cell survival. These cellular functions are also regulated by the
receptor tyrosine kinase family, which includes many of the growth factor receptors.
In contrast with integrins, these transmembrane proteins possess intrinsic kinase
activity and therefore do not depend on other enzymes to initiate signals (15).
Integrins and receptor tyrosine kinases have been shown to cooperate, as integrin
input is necessary for optimal activation of receptors for insulin, epidermal growth
factor (EGF), and vascular endothelial growth factor (VEGF) (16–18). The mitogen-
activated protein (MAP) kinases are regulated by both receptor types and appear to
reside at a major point of intersection of integrin- and growth factor receptor-mediated
signaling pathways (19,20).
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INTEGRINS IN NEOVASCULAR DISEASES OF THE EYE
Neovascularization is a major finding in the majority of eye diseases that result in

catastrophic loss of vision. The leading cause of vision loss in individuals over age 55
is age-related macular degeneration (AMD), whereas proliferative diabetic retinopathy
(PDR) is the leading cause of blindness in those under 55 (21). These two diseases dif-
fer in the site of new vessel growth. AMD is characterized by neovascularization in the
choriocapillaries, whereas in PDR, retinal blood vessels proliferate.

Blood vessels are formed by two major processes: vasculogenesis or angiogenesis.
Vasculogenesis occurs as a result of differentiation of precursor cells, which are already
present in the tissue, into the endothelial cells that contribute to the formation of blood
vessels. It is this process that is prevalent during early development. Angiogenesis dif-
fers in that new blood vessels are generated by sprouting from the preexisting vascula-
ture. Although both vasculogenesis and angiogenesis occur during development, the
adult vasculature is normally quite stable, with little turnover of vessels. New blood
vessel formation occurs in the normal adult during menstruation and wound healing
and under pathological circumstances such as arthritis and tumor growth.

Neovascular eye diseases are the result of angiogenesis, which is a complex series of
events coordinated at the cellular and molecular levels. Endothelial cells, which com-
prise the lining of blood vessels, are the major cellular component of angiogenesis,
which can be broken into three major initial steps: (1) endothelial cell activation and
breakdown of the basement membrane; (2) adhesion to the intact and proteolytically
modified extracellular matrix; and (3) endothelial cell migration through the extracellu-
lar milieu. Integrins have roles in all three of these steps. Integrins interact with growth
factor receptors to transmit signals from outside the cell to the interior, where cellular
activities are altered. For example, integrin αvβ3 has been shown to be involved in the
activation of vascular endothelial growth factor receptor-2 (VEGFR-2) (22). VEGF is a
well-characterized initiator of angiogenesis that has been shown to be important in the
growth of new vessels in many contexts by stimulating the growth and migration of
endothelial cells and inhibiting their apoptosis. In order for endothelial cells to sprout off
their parent vessel and migrate toward the source of the angiogenic signal, the basement
membrane that underlies them in the normal vessel must be degraded. The basement
membrane is rich in collagen type IV and is degraded by a number of enzymes includ-
ing MMP-2 and MMP-9, both of which have been shown to be regulated by integrins in
their activation and/or localization (23,24). The third step in the described sequence
involves the migration of endothelial cells through the surrounding matrix. This
involves highly coordinated cellular events that translate cell adhesion and tension
generated on the cytoskeleton into directional movement of the cell. Integrins have a
central role in cell motility, as they are important adhesion molecules and they transmit
and integrate signals to the cytoskeleton. By interfering with any of these three steps,
angiogenesis can be inhibited, and as central players in all steps, integrins are reason-
able targets for therapeutic intervention in pathological neovascular disease.

Work from our laboratory and others has shown that blocking integrin function effec-
tively inhibits angiogenesis in the eye (25–28). In a model of cytokine-induced corneal
angiogenesis, anti-integrin antibodies were shown to be effective inhibitors of vessel
growth (25). This model uses cytokine-containing pellets that are implanted into rabbit
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corneas, establishing a gradient toward which limbal vessels are stimulated to grow
into the normally avascular cornea. Pellets containing an antibody against αvβ5 integrin
were shown to inhibit VEGF-induced angiogenesis, whereas those containing anti-αvβ3
antibody inhibited blood vessel growth stimulated by basic fibroblast growth factor
(bFGF). Only minimal inhibition was seen with reverse combinations of antibody and
cytokine. These findings were extended by employing these same anti-integrin antibodies
with a panel of angiogenic cytokines and measuring blood vessel growth in the chick
chorioallantoic membrane (CAM) assay (29). Here, cytokine-saturated filter disks are
placed on the CAM of 10-d-old chick embryos. Blood vessels are stimulated to grow
toward the disks and the degree of angiogenesis can be quantified by analyzing the num-
ber and extent of branching blood vessels within the area of the disk. Under these condi-
tions, a single dose of antibody against αvβ5 inhibited angiogenesis induced by VEGF,
transforming growth factor (TGF)-α, and phorbol 12-myristate 13-acetate (PMA), but
had minimal effects on that induced by bFGF and tumor necrosis factor (TNF)-α.
Antibody against αvβ3 proved effective at inhibiting angiogenesis stimulated by bFGF
and TNF-α but not the other growth factors tested. Preliminary investigations into down-
stream signaling pathways involved in integrin-mediated angiogenesis revealed that
blocking protein kinase C (PKC) inhibited vessel growth induced by PMA, VEGF, and
TGF-α, but had little effect on bFGF- or TNF-α-mediated angiogenesis. Thus two path-
ways of angiogenesis were identified: one that involves αvβ3 and is largely independent
of PKC, and a second that relies on αvβ5 but also requires PKC activity.

Angiogenesis-related integrins have been shown to be expressed in tissue from
patients with proliferative vascular diseases such as PDR, AMD, and presumed ocular
histoplasmosis syndrome (26,28,30,31). These findings prompted studies to investigate
whether systemically administered antagonists of these integrins could inhibit retinal
angiogenesis in mouse models. Two models of retinal blood vessel growth were used to
investigate this concept. The hypoxia-induced retinopathy model described by Smith et al.
(32) was used to test the efficacy of αv integrin antagonists in inhibiting retinal neovas-
cularization. Mice are exposed to 75% oxygen from postnatal days 7 to 12 and then are
returned to normoxia. This period of hyperoxia causes obliteration of retinal vessels.
After return to normoxia, the areas of obliteration then become ischemic and pathological
preretinal neovascularization ensues. In two studies using this model, it was demon-
strated that administration of antagonists of αv integrins reduced the formation of
preretinal neovascular tufts up to 75% (27,28). Different routes of administration were
used in these studies, including subcutaneous, intraperitoneal, and periorbital injection,
with all routes showing efficacy. 

The second model of retinal angiogenesis used to explore the potential of integrin
antagonists for the treatment of ocular vascular disease was the neonatal mouse retinal
angiogenesis model. At birth, the mouse retina is avascular but becomes vascularized
over about the first month of life through radial growth of vessels from the central retinal
artery, which enters the eye through the optic nerve. Vessels are guided to the peripheral
retina by astrocytes that precede the advancing vasculature and establish a template on
which these vessesls are patterned (33). Twice-daily subcutaneous treatment of new-
born mice with cyclic RGDfV peptide, which blocks both αvβ3 and αvβ5 integrins,
significantly inhibited the growth of retinal vessels in this developmental model,
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whereas control RADfV peptide-treated retinas appeared identical to untreated con-
trols. Using confocal microscopy and a computerized method of estimating blood ves-
sel volume, treatment with RGDfV peptide antagonist resulted in a 78% reduction of
vascularization relative to control peptide treatment. More recent studies using highly
potent small-molecule antagonists of both αvβ3 and αvβ5 also inhibit retinal angiogen-
esis in a neonatal mouse model after intravitreal injection (Fig. 1). In this model,
small-molecule antagonists of αvβ3 and αvβ5 integrins will completely inhibit retinal
angiogenesis in approx 35 to 50% of animal eyes. Thus, integrin antagonism is an
effective approach to inhibition of corneal and retinal angiogenesis in a number of
mouse models.

DOWNSTREAM EFFECTS OF INTEGRIN ANTAGONISM

Deeper investigations into integrin antagonism and the effects on cell signaling in
the context of angiogenesis have been conducted. One study examined the role of p53,
a well known regulator of the cell cycle, in αv integrin signaling during retinal angio-
genesis (34). Starting with the observation that p53 activity is induced upon blockage
of αv integrins during angiogenesis, these investigators were interested in determining
whether loss of p53 could compensate for αv integrin function in retinal neovascular-
ization. It was first confirmed that systemic treatment of wild-type mice with an αv
antagonist inhibited developmental retinal angiogenesis, as previously reported (26).
By showing that mice lacking p53 had normal retinal vascularization with anti-αv

Fig. 1. Inhibition of retinal angiogenesis by integrin antagonism. Injection of a small-molecule
antagonist of αvβ3 and αvβ5 at postnatal day 8 (P8) inhibits the growth of the deep retinal
vasculature when visualized at P12, while having no effect on the previously established super-
ficial vessels.
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treatment, a role for p53 was indicated during integrin-mediated angiogenesis in the
retina. It was concluded from this work that loss of p53 compensates for the function
of αv integrins in retinal neovascularization, possibly by interfering with αv integrin
regulation of vascular cell apoptosis. 

Further elucidation of the two pathways of integrin-mediated angiogenesis (25) were
provided by studies aimed at understanding the different ways αvβ3 and αvβ5 integrins
regulate the Ras-extracellular signal regulated kinase (Ras-ERK) signaling pathway
(35). This pathway is influenced by both growth-factor stimulation and integrin-mediated
adhesion and is involved in the control of cellular functions critical to angiogenesis. The
conclusions from this work indicate that during angiogenesis in the chick CAM, VEGF
and αvβ5 or bFGF and αvβ3 lead to activation of the Ras-ERK pathway in distinct ways.
Integrin αvβ5 and focal adhesion kinase (FAK) cooperate with VEGF to activate Ras and
Src, which causes phosphorylation of Raf and the propagation of signals important in
angiogenesis. bFGF uses αvβ3, FAK, and p21-activated kinase (PAK) downstream of
Ras to activate Raf. Both pathways result in sustained activity of the Ras-ERK pathway
and promote angiogenesis, but the different players involved may partially explain the
divergent responses of the vasculature to bFGF and VEGF (Fig. 2). Although complex,
a better understanding of the function of integrins and their roles in regulating intra-
cellular signaling pathways during angiogenesis is beginning to emerge.

Fig. 2. bFGF/αvβ3 and VEGF/αvβ5 signaling pathways. Proposed model whereby each of
these signaling pathways accounts for protection of endothelial cells from distinct mediators of
apoptosis. The αvβ3 pathway promotes an ERK-independent survival mechanism preventing
stress-mediated death based on Raf coupling to the mitochondria, whereas the αvβ5 pathway
prevents receptor-mediated death in an ERK-dependent manner. In addition, ERK is likely
playing a general role in both pathways of angiogenesis because it regulates gene transcription,
cell cycle progression, and cell migration, which are critical to the growth and differentiation
of new blood vessels. (Reproduced from ref. 35 with permission of The Rockefeller University
Press.)



INVESTIGATING INTEGRIN FUNCTION THROUGH GENETICS
The studies discussed thus far have depended on probing integrin function by block-

ing their adhesion, and likely their signaling function, with various compounds. Another
approach is to genetically manipulate animals so that they lack expression of the partic-
ular integrin subunits of interest. This approach has been implemented in a number of
studies and, interestingly, it has been shown that in mice lacking αv, β3, or β5 extensive
developmental angiogenesis is observed (36–38). All αv-null mice show normal devel-
opment up to embryonic day 9.5 with approx 20% of them surviving until birth (36)6 . β3
knockout mice are viable and fertile with apparently normal developmental angiogenesis,
including postnatal development of the retinal vasculature (37)7 . Also viable and fertile,
β5-null mice display normal wound healing responses, suggesting that not only is devel-
opmental angiogenesis not disrupted, but adult neovascularization proceeds normally
as well (38). These findings show clearly that αv integrins are not required for angio-
genesis in all contexts and brings into question the importance of αvβ3 and αvβ5 inte-
grins in adult pathological angiogenesis. To address this question specifically, studies
using various models of pathological angiogenesis were carried out in β3- and/or
β5-deficient mice (39). In tumor models, β3- and β3/β5-deficient mice showed enhanced
tumor growth and angiogenesis. Angiogenesis was measured by vessel density in histo-
logical sections and was shown to be elevated only in tumors and not in normal skin
when compared to wild-type mice. β3-null mice were used in a model of oxygen-
induced retinopathy that demonstrated that these mice had increased preretinal neovas-
cularization compared with wild-type mice. Based on other reports of VEGF involvement
in this model, it was concluded in this study that β3 deficiency enhances VEGF-induced
blood vessel growth. This contention was bolstered by experiments showing that vessel
growth into VEGF-containing Matrigel implants was increased in the β3 knockouts. It
was also shown that, although the absence of β3 does not affect the expression of other
integrins, β3-null endothelial cells showed higher levels of VEGF receptor-2 (VEGFR-2),
indicating a possible mechanism by which αvβ3 could act as a negative regulator of
angiogenesis. In this scenario, αvβ3 would normally suppress VEGFR-2 expression and
function, and knockout of this integrin would relieve this suppression. Antagonists of
αvβ3 could then be viewed to cause dysregulation of VEGFR-2, possibly explaining the
observed effects of these compounds.

The apparent discrepancies between the large body of work using integrin antagonists
in angiogenesis studies and the more recent genetic findings have generated considerable
controversy. The discovery that β3/β5 knockout mice not only support pathological angio-
genesis, but show enhanced vessel growth, would likely come as a surprise to most in this
field. Although these data appear to erode the idea of αvβ3 and αvβ5 integrins as positive
regulators of angiogenesis, consideration of other work may provide a mechanistic inter-
pretation of the genetic findings. A major point used as evidence to support the idea of
integrins as negative regulators of angiogenesis is that some integrin antagonists have
been found to activate integrin signaling functions (40). Although this may be true for
some integrin-blocking agents, it is not true for all. Using a dimeric RGD-containing
disintegrin derived from Southern copperhead snake venom, it was shown that this
homodimer activated αvβ3-mediated signaling whereas monomeric RGD-containing
disintegrins with similar sequences flanking the RGD did not, and in fact when used
simultaneously, the monomeric molecules inhibited the signaling initiated by the dimer.
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Furthermore, antibodies directed against αvβ3 similarly blocked the signals initiated by
this dimeric integrin-binding molecule when used simultaneously (41,42). This illustrates
the point that ligation by an antagonist does not ensure the transmission of integrin signals
to the cell interior and highlights the idea that the signaling properties of each integrin-
blocking agent need to be investigated on an individual basis.

Other recent studies have shown that integrins can act as negative regulators of cell
survival by promoting apoptosis mediated by caspase-8 (43). This “integrin-mediated
death” is initiated by unligated αvβ3 integrin in endothelial cells when they are seeded
into 3D collagen matrices, which supports adhesion but does not ligate αvβ3.
Furthermore, when αvβ3 expression on endothelial cells is reduced, survival is pro-
longed in this environment (Fig. 3). Resolution of this controversy requires additional
studies, but at this point most of available data support the concept of αv integrins as
important pro—angiogenic molecules with complex biofeedback mechanisms that can
prevent inappropriate blood vessel growth.
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Fig. 3. A role for integrin αvβ3 in governing survival of angiogenic endothelial cells. Data
from inhibitor studies and genetic investigations suggest that integrin αvβ3 (and likely other
integrins) can function as a biosensor. When ligated by an immobilized matrix, they provide
mechanical anchorage to the extracellular matrix (ECM), and trigger survival signals (left).
When ligands are absent, or in the presence of (soluble) endogenous or therapeutic antagonists,
the integrin activates a death pathway, leading to cell death (center) and suppressing angiogenesis
(lower panels). However, when αvβ3 is absent, the ability to sense ECM and to trigger endothelial
cell apoptosis through this integrin is lost (right), contributing to increased pathological angio-
genesis (lower right). (Reproduced from ref. 46, with permission.)



INTEGRIN ANTAGONISTS IN THE CLINICS

Based on extensive preclinical studies, clinical trials using integrin antagonists have
been initiated, primarily in oncology. Merck KGaA (Darmstadt) and the National
Cancer Institute have initiated a clinical trial with a cyclic peptide antagonist of αvβ3
and αvβ5 (44). As no dose-limiting toxicities were observed in earlier phase I trials, the
potential application of these molecules to therapeutic utility are significant (45). Small-
molecule antagonists of these integrins are currently being considered for clinical trials
in ophthalmology. Another integrin, α5β1, has also been targeted for therapeutic inhibi-
tion and clinical trials in ophthalmology are being planned with an antibody antagonist
of this integrin. Although several integrins are clearly associated with neovasculariza-
tion, it may be necessary to combine antagonists that target multiple integrins and/or
other angiogenic mechanisms. Such combination angiostatic therapy may be the key to
clinical success in suppressing the growth of abnormal, new blood vessels in a variety
of neovascular eye diseases and such studies are currently under way. 
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INTRODUCTION

Neovascularization, also termed “angiogenesis,” is the process of generating new
capillary blood vessels as an extension of existing vasculature (1). Neovascularization
is an integral part of normal developmental processes and numerous pathologies, rang-
ing from tumor growth and metastasis to inflammation and ocular disease. This process
is driven by a cocktail of proangiogenic growth factors and cytokines and is tempered
by an equally diverse group of inhibitors of neovascularization.

Ocular neovascularization is an uncommon but well-recognized complication of
uveitis (2). Although the exact pathogenesis is still not clear, uveitic neovascularization
is definitely related to inflammation. New vessel growth often appears in the retina,
optic nerve head, and choroid rather than in the iris and ciliary body. Immunosuppressive
therapy is the first choice for treatment of uveitic neovascularization.

CLINICAL MANIFESTATION

Uveitic neovascularization affects both uveal and retinal tissues. It more commonly
involves the retina––either through neovascularization of the disk (NVD) or neovascu-
larization elsewhere (NVE)––and the choroid (choroidal neovascularization, CNV).
Both NVD and NVE can be detected by fundoscopy and angiography. The new vessels
tend to grow on the retinal surface. Later these vessels will penetrate the internal limit-
ing membrane and posterior vitreous hyaloid face, and proliferate into the vitreous
(Fig. 1A). They are fragile and tend to bleed, resulting in vitreous hemorrhage. Due to
the lack of tight junctions on these neovascular endothelial cells, early and progressive
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leakage is the classic finding on fluorescein angiography (Fig. 1B). CNV can be
detected by fundoscopy, angiography, and indocyanine green angiography. 

Retinal Neovascularization

Retinal neovascularization often occurs in uveitides that are associated with occlu-
sive retinal vasculitis, such as Behçet’s and Eales’ diseases (3–6)6 . Eales’ disease, first
described by Henry Eales in 1880, is notable for its presentation of retinal periphlebitis,
ischemia, and neovascularization. In contrast, Behçet’s disease, first described by Dr. T.
Shigeta in 1924 and Dr. B. Adamantiades in 1931 but popularized and named by Hulûsi
Behçet in 1937, presents with intraocular inflammation consisting of retinal vasculitis,
oral and mucosal ulcerations, and skin lesions. In a large study, Atmaca and colleagues
reported that 47 of 912 eyes with Behçet’s disease developed retinal neovascularization:
25 with NVD and 22 with NVE (7)7 . Although retinal neovascularization rarely occurs
in pars planitis (8), both NVE and NVD leading to vitreous hemorrhage have been
reported (9–11). Other uveitides reported to develop NVD and NVE include systemic
lupus erythematosus (12,13), sarcoidosis (14), birdshot retinochoroidopathy (15), and
retinal vasculitis (Fig. 1). Infectious uveitis such as AIDS (16)6 and others can also be
associated with retinal neovascularization (2).

Choroidal Neovascularization

CNV includes choroidal and subchoroidal neovascularization. CNV occurs in both
infectious and noninfectious choroiditis. Although CNV has been considered less common
than NVD and NVE in older literature, we have now detected more uveitic CNV with
advanced clinical equipment and skills. Usually CNV presents with subretinal or intrareti-
nal hemorrhage, pigment epithelial detachment and a grayish-green subretinal membrane
(Fig. 2A). It is often associated with chorioretinal scar. Either classic or occult CNV has
been described in uveitic CNV. It can be detected by fluorescent angiogram (Fig. 2B,C).
Indocyanine green angiography is helpful for identifying feeder vessels (Fig. 3).

CNV is an important feature of ocular histoplasmosis (17,18), which manifests as
the classic triad of discrete atrophic choroidal scars in the macula or midperiphery
(histo spots), peripapillary atrophy, and choroidal neovascularization (19). CNV has
also been associated with serpiginous choroidopathy (20,21). Blumenkranz and associ-
ates reported CNV in 56% (14 of 53) of patients with serpiginous choroidopathy (22).
CNV is associated with a poor prognosis in Vogt-Koyanagi-Harada syndrome (VKH)
(23,24). We reported the development of CNV in 14.7% (11 of 75) of patients with
VKH who had a poor visual outcome (25). Several infections are known to be compli-
cated by CNV, including toxoplasmosis and Candida choroidoretinitis (26–28).

All CNV, including that which is developed in age-related macular degeneration,
involves some degree of inflammation. This inflammatory component varies in intensity
depending on the underlying disease and dynamic stage of CNV development (29).
The growth pattern of CNV varies from individual to individual and disease to disease.
As a result, no two CNV presentations are exactly alike. In addition, the varying clinical
manifestations are due to the dynamic evolution of CNV, which involves initiation,
inflammatory activity, and evolutional (fibrotic) stages (30).
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Iris and Ciliary Neovascularization

Neovascularization in the iris and ciliary body is a rare and ominous complication of
uveitis. An Iris neovascularization, or rubeosis irides, is new vessel growth on the sur-
face of the iris, which can result in hyphema and/or rubeotic glaucoma (Fig. 3). Ciliary
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Fig. 1. (A) Fundoscopy shows neovascularization of the disk (NVD) at the optic disk in a patient
with retinal vasculitis. (B) Late phase of fluorescent angiography shows vascular leakage from
NVD in a patient with Vogt-Koyanagi-Harada syndrome. See color version on companion CD.



neovascularization arises from a fibrovascular cyclitic membrane, which is formed from
long-standing chronic uveitis with ciliary body involvement (31).

PATHOGENESIS

Ocular neovascularization, like neovascularization elsewhere in the body, is driven
by various proangiogenic growth factors and cytokines, which include a potentially
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Fig. 2. Clinical illustrations of choroidal neovascularization (CNV) in a patient with Vogt-
Koyanagi-Harada syndrome show (A) grayish membrane and blood at the central macula, (B)
early phase of fluorescent angiogram with blockage, and (C) late phase of fluorescent angiogram
with leakage. (D) Indocyanine green angiogram of a patient with ocular toxoplasmosis shows
choroidal feeder vessel from CNV. See color version on companion CD.



large group of participating proteins involved in a complex interaction. Despite the
participation of multiple stimulatory factors for ocular neovascularization, vascular
endothelial growth factor (VEGF) is a key regulator (32–34). Cytokines, growth factors,
and gonadotropins that do not stimulate angiogenesis directly can modulate angiogenesis
by adjusting VEGF expression in specific cells, thus exerting an indirect angiogenic or
antiangiogenic effect. 
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Inflammation and immune-derived angiogenesis is observed in numerous disorders,
in part because most leukocyte subtypes affect many angiogenic processes by producing
myriad angiogenic growth factors such as VEGF, placenta growth factor (PIGF), platelet-
derived growth factor (PDGF), hypoxia-induced factor (HIF), transforming growth factor
(TGF)-β, various chemokines and cytokines, as well as proteinases including tryptase,
chymase, matrix metalloprotein kinases (MMPs), and heparanase (35). These angiogenic
factors amplify the inflammatory process by recruiting leukocytes and affecting their
function (36). Leukocytes and vascular endothelial cells can influence each other in
many ways. In addition, neutrophils, nature killer (NK) cells, macrophages, and mast
cells have been associated with stimulation of angiogenesis in tumors and allergic
conditions. Recently, bone marrow-derived endothelial progenitor cells are reported to
incorporate into sites of physiological and pathological neovascularization.

VEGF

VEGF is a highly specific mitogen for vascular endothelial cells (37,38). Vascular
permeability factor has been characterized as a protein that promotes extravasation of
protein from tumor-associated blood vessels (39). Vascular permeability factor and
VEGF are encoded by a single VEGF gene (40,41), which produces several VEGF iso-
forms such as VEGF120, VEGF145, VEGF165, and VEGF206. The VEGF family, includ-
ing VEGF-A to -E and PIGF, shares the common receptors VEGFR-1 to VEGFR-3,
heparan-sulfate proteoglycan, and neurophilin-1 and neurophilin-2 (34). VEGF is a
survival factor for vascular endothelial cells, both in vitro and in vivo (42,43). VEGF
prevents apoptosis and induces expression of the antiapoptotic protein Bcl-2 in endothe-
lial cells. VEGF also induces vascular leakage.

VEGF has been implicated in various inflammatory disorders (44). Transgenic over-
expression of VEGF results in increased density of torturous cutaneous blood capillaries

296 Chan and Nussenblatt

Fig. 3. Photomicrograph shows small vessels on the iris surface (rubeosis iridis) of a patient
with Vogt-Koyanagi-Harada syndrome (hematoxylin and eosin, original magnification ×200).
See color version on companion CD.



and enhanced leukocyte rolling and adhesion in skin venules, suggesting that overexpres-
sion of VEGF in the skin is sufficient to induce a chronic dermatitis similar to human
psoriasis (45,46)6 . In a rat model of CNV induced by subretinal injection of adenoviral
vector encoding the VEGF165 gene, we have also observed a considerable infiltration of
macrophages and lymphocytes in the lesion (47)7 . In differential leukocyte and endothelial
responses, VEGF165 was found to be the pathological isoform working through VEGFR-1
and VEGFR-2 (48). In vivo blockade of VEGFR-1 significantly suppresses VEGF165-
induced corneal inflammation and monocyte chemotaxis. In vitro, VEGF165 more potently
stimulates intracellular adhesion molecule-1 expression on endothelial cells in a process
mediated by VEGFR-2. More details about VEGF are discussed in Chapters 11 and 18.

VEGF may be a mediator of angiogenesis and permeability in inflammatory disor-
ders, including uveitis (34). Factors that can potentiate VEGF production include growth
factors such as PDGF, TGF-α and -β, fibroblast growth factor (FGF)-4, keratinocyte
growth factor (KGF), insulin-like growth factor (IGF)-I, and cytokines/chemokines,
such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, CCL-2, CCL5,
and all four CXC chemokines (49). Some cytokines, such as IL-10 and IL-13, can inhibit
the release of VEGF. Inflammatory cytokines such as IL-1 and IL-6 induce expression
of VEGF in several cell types; therefore, inflammation can trigger VEGF release that
results in neovascularization. 

Hypoxia-Inducible Factor

Hypoxia-inducible factor (HIF) is another potent mediator of angiogenesis. The regu-
lation of angiogenesis by hypoxia is an important component of homeostatic mechanisms
that link the vascular oxygen supply to metabolic demand. HIF, an αβ-heterodimer, is a
DNA-binding factor that mediates hypoxia-inducible activity of the erythropoietin and
VEGF genes (50). HIF-1β subunits are constitutive nuclear proteins, whereas HIF-α sub-
units are regulatory and induced by hypoxia. HIF is activated in hypoxic cells; HIF not
only modulates production of several angiogenic growth factors, but also regulates expres-
sion of their receptors and has important effects on matrix metabolism (51).

Several inflammatory mediators and cytokines, including nitric oxide (52), IL-1 (53),
and TNF-α (54), can regulate HIF-α. A decrease in HIF-α is reported to be correlated
with a marked reduction of IL-8 production by a potent angiogenic agent, carboxyamino-
triazole (55). CXCR4, the gene for the receptor of chemokine CXCL12 (stromal cell-
derived factor-1α, SDF-1α), is recognized as a novel target gene of the DNA-binding
transcriptional activator HIF (56)6 . CXCR4 is now considered a hypoxia-inducible gene.

Chemokines and Cytokines

Chemokines are a group of small (8–14 kDa), mostly basic, structurally related mol-
ecules that regulate cell trafficking of leukocytes through interactions with a subset of
seven-transmembrane, G protein-coupled receptors. Chemokines are defined by struc-
ture and classified and named according to patterns of conserved cysteines. They are
divided into four subfamilies: CXC (an amino acid between the two N-terminal cysteine
residues), CC (two cysteines adjacent to each other), C (only one cysteine), or CX3C
(three amino acids between the two cysteines). Chemokines have been shown to play a
critical role in the regulation of angiogenesis during pathophysiological processes, such
as tumor growth, wound healing, and ischemia. Chemokines may exert their regulatory
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activity on angiogenesis directly or as a consequence of leukocyte infiltration, induction
of growth factor expression, and direct stimulation of vascular endothelial cells (57)7 .

CXC chemokines represent a large family of homologous peptides exhibiting positive
(angiogenesis) or negative (angiostasis) activity on the control of angiogenesis (49). Among
the angiogenic CXC chemokines are CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7,
CXCL8 (IL-8), and CXCL12; among the angiostatic CXC chemokines are CXCL4,
CXCL9, CXCL10, CXCL11, and CXCL13. Thus, CXC chemokines not only influence the
sequential participation of inflammatory cells but also regulate, in a coordinated fashion, the
inflammatory reaction leading to angiogenesis, tissue repair, and new tissue generation. The
coordination of angiogenesis and inflammation is a result of the shared ability of vascular
endothelial cells and leukocytes to respond to chemokines. Indeed, dysregulation of CXCL
chemokines could lead to chronic inflammation and neovascularization.

Among the CXCL chemokines, IL-8 (CXCL8) is a notorious angiogenic molecule.
This chemokine functions in the direct enhancement of endothelial cell proliferation,
survival, MMP expression in CXCR1- and CXCR2-expressing endothelial cells, and
the direct regulation of angiogenesis (58). IL-8 also mediates vascular endothelial cell
migration and promotes neovascularization. 

Proangiogenic cytokines can directly drive neovascularization. The angiogenic activity
of TNF-α has been elicited by the synthesis of direct angiogenic inducers or of
proteases (43). TNF-α upregulates the expression and the function of VEGFR-2 and
neurophilin-1 in human endothelium in a dose- and time-dependent manner. In a recent
study of cyclooxygenase 2 (COX-2, an important enzyme in arachidonic acid metabolism)
and neovascularization, prostanoids (products of the COX-2 pathway) are found to be
independently involved in the VEGF/VEGFR pathway for inflammatory cytokine-
induced angiogenesis. IL-1β markedly induces angiogenesis in vitro and in vivo. This
process can be significantly inhibited by COX-2 selective inhibitors but not by a VEGF
receptor tyrosine kinase inhibitor (59). 

Other inflammatory mediators such as nitric oxide and prostanoids also play active
roles in angiogenesis during inflammatory processes. Indeed, there are reports of uveitic
patients who develop neovascularization without evidence of retinal ischemia (60–63).
The curious finding of marked capillary dropout but no neovascularization in some uveitic
cases may result from the complex interaction among various angiogenic and angiostatic
growth factors, ischemic factors, cytokines, chemokines, and inflammatory mediators.

EXPERIMENTAL OCULAR INFLAMMATION
AND NEOVASCULARIZATION

A spectrum of chronic noninfectious uveitides has been simulated by the pathological
changes seen in the animal model of experimental autoimmune uveitis (EAU). EAU in
animals is induced by immunization with retinal antigens or their fragments. Examples of
the retinal antigens are arrestin (retinal-soluble antigen, S-Ag), interphotoreceptor
retinoid-binding protein (IRBP), rhodopsin and its illuminated form opsin, recoverin, and
phosducin (64). The pathogenesis of EAU, and likely of human endogenous uveitis,
involves cell-mediated destruction of retinal tissues that is dependent on retinal antigen-
specific T cells (65). EAU can include vitritis, chorioretinal inflammatory infiltration,
retinal vasculitis, edema, and atrophy, in addition to inflammation in the uvea.
Neovascularization is one of the recognizable complications of EAU.
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EAU and Neovascularization

In mouse EAU, CNV occurs in 10% of eyes (66)6 . In rat EAU, NVE, and NVD, but
rarely CNV, may develop in those animals with a total loss of photoreceptors (67)7 . In
monkey EAU, different forms of ocular neovascularization including CNV, NVE, and
NVD may develop (68). Although the exact pathogenesis remains elusive, cytokines/
chemokines and inflammatory mediators certainly play an important role in the angio-
genic process (69). Increased VEGF has also been reported in EAU even in cases without
neovascularization in the eye (70).

Pathology of Neovascularization

Histopathologically, neovascularization in EAU closely resembles that observed in
human uveitis. In both NVD and NVE, the new vessels arise from the capillaries in the
nerve fiber layer and proliferate as naked channels in the early stage. Later fibrosis and
gliosis occur around these small vessels, which are noted more frequently in rat EAU
eyes with loss of photoreceptors. Because these vessels often lack tight junctions and
bleed easily, vitreous hemorrhage is common (Fig. 4A,B). Scarring and shrinkage tend
to occur around these proliferating channels and may lead to wrinkling of the retina
and even to the development of a retinal traction detachment (Fig. 4C). In humans,
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Fig. 4. Photomicrographs show neovascularization of the disk (NVD) arising from the optic disc
vessels in (A) a rat with experimental autoimmune uveitis (EAU) and (B) a patient with Behçet
disease. (C) neovascularization elsewhere (NVE) is shown in an EAU rat (hematoxylin and eosin;
original magnification: A, ×400; B, ×100; C, ×200). See color version on companion CD.



retinal neovascularization associated with massive VEGF expression is reported in
Eales’ disease that is frequently complicated by extensive retinal neovascularization
and vitreous hemorrhages (71).

CNV occurs through associated breaks in Bruch’s membrane. In general, CNV
presents as a sub-retinal pigment epithelium (RPE) neovascular membrane with
capillary and/or small vessel-like lumens arising from the choroidal vasculature.
Frequently, the sub-RPE neovascularization leads to serous and hemorrhagic detachment
of the RPE or the retina, and this, in turn, may lead to disciform scarring (Fig.5A,B).
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Fig. 5. Photomicrographs show choroidal neovascularization arising from the choroid in (A)
a mouse with experimental autoimmune uveitis and (B) a patient with Vogt-Koyanagi-Harada
syndrome. Inflammatory cells are present in the choroid (hematoxylin and eosin; original
magnification: A, ×400; B, ×200). See color version on companion CD.



Usually there is an inflammatory cellular component in CNV lesions associated with
uveitis. A typical example is ocular histoplasmosis or the presumed histoplasmosis
syndrome, in which macrophages and lymphocytes are mediators of angiogenesis or
modifiers of CNV (72,73).

THERAPY

Currently available treatments for uveitic neovascularization include immunotherapy,
photocoagulation, photodynamic therapy (PDT), and surgical excision of the CNV
neovascular membrane. Therapeutic approaches for ocular neovascularization will be
discussed in greater detail in later chapters.

In uveitic neovascularization, there is always an inflammatory component. Therefore,
antiinflammatory and/or immunosuppressive therapies should be prescribed.
Corticosteroids are antiinflammatory and antiangiogenic. Local (including periocular)
injections and vitreal implants, as well as systemic corticosteroids, have been reported to
treat NVD effectively in sarcoidosis, multiple sclerosis, juvenile rheumatoid arthritis,
cyclitis, and idiopathic uveitis (2,61). Although corticosteroids alone may be less favor-
able for CNV, additional immunosuppressive agents such as cyclosporine and azathio-
prine have been used successfully to regress neovascularization in sympathetic
ophthalmia, multifocal choroiditis, ocular histoplasmosis syndrome, serpiginous
choroiditis, and endogenous posterior uveits (74,75).

With the recent advance in understanding of angiogenesis, antiangiogenic factors such
as anti-VEGF agents are being introduced as treatments for neovascularization, including
ocular neovascularization (76,77)7 . These novel agents, in combination with immuno-
therapy, may have promising effects for better control of uveitic neovascularization.

Laser photocoagulation and PDT for uveitic neovascularization have been reported
in a few small case series (2,78). PDT appeared to stabilize or improve vision in
a few patients with subfoveal CNV secondary to multifocal choroiditis and panu-
veitis. However, these encouraging results need further investigation and longer
follow-up.

The surgical removal of uveitic CNV in the subfoveal area was described in 1991 as
yielding significant therapeutic success (79). Since then it has been recognized that the
mechanical excision of CNV associated with ocular histoplasmosis and multifocal
choroiditis produces less damage to the photoreceptor cells than laser photocoagulation
(80,81). However, this surgical procedure is rather difficult and requires skillful sur-
geons. Surgical complications are frequent. Therefore, surgery should be reserved for
selected patients who fail to respond to medical therapy, because the neovascular mem-
brane often grows back. In addition, it is technically difficult to remove a recurrent
CNV if there is scarring.

In summary, ocular neovascularization associated with uveitis is a serious complica-
tion. Uveitic neovascularization is a consequence of a complex interaction between
genetic and environmental factors such as neovascular growth factors, cytokines,
chemokines, and inflammatory mediators. The pathology of NVD, NVE, and CNV in
EAU closely mimics that seen in human uveitides. Uveitic neovascularization occurs
more often in eyes with both severe inflammation and ischemia. Immunotherapy is the
first choice for uveitic neovascularization.
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INTRODUCTION

Angiogenesis, and the closely related problems of ischemia and vascular leakage,
play an important role in a spectrum of ocular diseases. A variety of angiogenic and
angiostatic factors have been identified in the pathological neovascularization of the
retina and choroid. This chapter reviews the major retinal and choroidal neovascular
diseases, and focuses on the rationale and current therapeutic attempts with anti-vascular
endothelial growth factor (VEGF) strategies, as well as the drug delivery modalities to
the loci of pathological neovascularization. The term “neovascularization” has been
used to describe the development of pathological new vessels and is considered
synonymous with angiogenesis in this chapter.

Diabetic retinopathy, branch and central retinal vein occlusions (BRVO and CRVO),
retinopathy of prematurity (ROP), and age-related macular degeneration (AMD) are
distinct disorders with many individually characteristic features. Nevertheless, common
angiogenic and angiostatic factors have been found pivotal in the pathogenesis of each
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of these diseases. The discovery of these factors, such as VEGF, as well as their mech-
anisms of action, has led to the development of drugs specifically targeting the molecules
or their signal transduction pathways.

Although neovascularization is the most dramatic outcome in these conditions, the
understanding of each clinical entity and therapy is aided by considering a more inclusive
central triad consisting of ischemia, vascular leakage, and neovascularization. Indeed,
ischemia and vascular leakage frequently dominate the clinical presentation in these dis-
eases, and are often responsible for significant visual loss. Ischemia is seen as a precursor
to neovascularization that is mediated through biochemical signals that have been steadily
elucidated (1–3). Vascular leakage with exudation and/or transudation can occur as a con-
sequence of vascular damage to previously normal vessels. This vascular damage may be
a result of endothelial injury induced by abnormal leukocyte adhesion and enzymatic
activity (4), ischemia, metabolic derangements, and many other causes. Profound vascular
leakage is also a hallmark of new vessels in the retina and choroid, and contributes greatly
to the dysfunction of adjacent structures and tissues by diverse fluid accumulations such as
edema, hemorrhage, and serous retinal and retinal pigment epithelium (RPE) detachment.

As a precursor to retinal neovascularization in diabetes or retinal vascular occlu-
sions, ischemia of the retinal circulation is easily visible with fluorescein angiography
in many eyes. In macular degeneration, the stimulus for choroidal neovascularization is
not demonstrable on available tests such as fluorescein angiography, but ischemia is
still presumed to play a central role. In all of these conditions, this triad of ischemia,
vascular leakage, and neovascularization is evident and interrelated, and produces visual
loss in diverse but predictable ways.

DIABETIC RETINOPATHY

Diabetic retinopathy is discussed first as a prototypical neovascular retinal disease
because of the extensive basic science research into the role of VEGF in its causation.
Diabetic retinopathy is an extremely complicated disease and is one of the leading
causes of visual loss in the world (5). It is typically bilateral and progressive, although
there are wide variations in progression and severity across affected individuals, rang-
ing from asymptomatic manifestations to profound visual loss. The vasculopathic
model suggests that the initial damage begins in the diabetic blood vessel and is char-
acterized by leakage and ischemia. These two processes result in an increasing failure
of the retinal circulation to deliver oxygen and support the metabolism of the retina.

The sequence of anatomical changes in the retina leading to blindness in diabetes is
fairly well defined. There is general agreement that diabetic retinopathy can be classified
into nonproliferative and proliferative stages (6). Multiple progressive microvascular
changes characterize the two stages. The hallmark of the mild and moderate nonprolif-
erative stages is leakage of the retinal vessels. The clinical findings are dot and blot
hemorrhages, microaneurysms, venous dilation, hard exudates, and edema (Fig. 1). The
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Fig. 1. Nonproliferative diabetic retinopathy. (A) Fundus photo shows hemorrhages and exu-
dates in the macula. (B) Fluorescein angiogram of same eye discloses bright leakage from
numerous microaneurysms; an additional finding of retinal capillary nonperfusion is visible as
the dark area in the lower right of the photo, and in the increased avascular zone near the fovea.
(C) Later phase of angiogram depicts extensive bright fluorescein leakage with macular edema.
See color version on companion CD.



hallmark of the severe nonproliferative stage is ischemia of the retina. The clinical findings
are cotton-wool spots, which are caused by microinfarction of the retina, intraretinal
microvascular abnormalities, venous beading, arteriolar narrowing, and large blot hemor-
rhage. The hallmark of the proliferative stage is angiogenesis. The clinical findings are
retinal neovascularization, vitreous hemorrhage, and retinal detachment (Figs. 2 and 3).
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Fig. 2. Proliferative diabetic retinopathy. (A) Fundus photograph shows an area of retinal
neovascularization with some associated fibrosis in the center of the photograph; intraretinal
hemorrhages are also present. (B) Fluorescein angiogram of the same eye reveals the neovascu-
larization in detail, and also clearly defines the broad extent of associated ischemic retina, visible
as the dark area at the upper left, which borders the neovascular complex. See color version on
companion CD.



Proliferative diabetic retinopathy is primarily an ischemic disease. Neovascularization
of the retina, optic nerve, and iris is preceded temporally and associated spatially by
retinal capillary nonperfusion (7,8), which is demonstrable on fluorescein angiography.
Ablation of ischemic retina by laser photocoagulation, which has been the mainstay of
treatment for diabetic retinopathy in the past 30 yr, leads to stabilization and regression
of neovascularization (6)6 . These observations support the hypothesis that an angiogenic
factor(s) released from the ischemic retina stimulates angiogenesis both locally and at a
distance (9). The candidate factor must meet at least three criteria: mitogenic for
endothelial cells, secreted and freely diffusible, and induced by ischemia. Only VEGF
fits all three criteria.

In the nonproliferative form of the disease, visual loss usually results from leakage
of the macular vessels and consequent macular edema. Current treatment for macular
edema is not satisfactory. A laser photocoagulation treatment in the nonfoveal macula
has been demonstrated to be beneficial in reducing retinal thickness and stabilizing
vision, but usually does not restore visual acuity to predisease levels (Fig. 4). Surgery,
including vitrectomy, with removal of the vitreous gel, posterior hyaloid, or even the
internal limiting membrane has also shown success (Fig. 5), but visual recovery is usu-
ally incomplete and capricious. Most recently, intravitreal injection of triamcinolone
acetonide has become popular (Fig. 6), and has shown the ability to reduce edema and
restore visual acuity in many cases, but with the problems of relapse in a few months
and the development of glaucoma and cataract in a substantial subgroup (10). Regardless,
the efficacy of triamcinolone acetonide has supported the search for other pharmaco-
logical approaches, including intraocular steroid implants and intravitreal injections
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Fig. 3. Vitreous hemorrhage from disk neovascularization in proliferative diabetic retinopathy.
Fundus photo shows fresh hemorrhage obscuring the disk and posterior retina. Previous panreti-
nal laser photocoagulation treatment is visible in the numerous variably pigmented spots
throughout the nonmacular retina. See color version on companion CD.



of anti-VEGF agents. Indeed, the use of these anti-VEGF agents in an attempt to control
the abnormal vascular leakage in macular edema is most attractive. In addition, it is likely
that combination approaches, such as surgery combined with drug treatment, will be
increasingly explored.
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Fig. 5. Surgical peeling of the internal limiting membrane for diabetic macular edema.
Intraoperative photo during vitrectomy of indocyanine green-stained internal limiting membrane
being removed from the surface of the macular retina. See color version on companion CD.

Fig. 4. Grid laser photocoagulation for diabetic macular edema. A midphase fluorescein
angiogram shows a pattern of photocoagulation spots surrounding the fovea. Numerous bright,
smaller microaneurysms are also visible.



Proliferative retinopathy is typically treated by panretinal photocoagulation, which
results in regression of retinal neovascularization in most cases (Fig. 7). However, this
treatment is destructive to the peripheral retina and visual field, and does not reverse
the intrinsic retinal ischemia, which is often severe and visually damaging. In addition,
many patients with proliferative diabetic retinopathy require complicated vitreoretinal
surgery for vitreous hemorrhage or retinal detachment (11) (Fig. 8).

OVERVIEW OF VEGF BASIC SCIENCE

The VEGF family includes placenta growth factor (PlGF), VEGF-A, VEGF-B, VEGF-
C, VEGF-D, and VEGF-E (for review, see refs. 3 and 12). Briefly, VEGF-A plays a piv-
otal role in the development of pathological angiogenesis in ischemic and inflammatory
diseases. VEGF-B is currently being investigated for its role in nonangiogenic tumor pro-
gression. VEGF-C and VEGF-D are being investigated for their role in tumor angiogene-
sis and lymphangiogenesis. PlGF acts synergistically with VEGF-A in angiogenesis and
plasma extravasation in pathological conditions (13). VEGF-E is the viral VEGF homolog
and an angiogenic factor (14). The abbreviation VEGF in this chapter represents VEGF-
A.

VEGF is a 35- to 45-kDa homodimeric protein that was originally isolated as a
vasopermeability factor (VPF) (15) and later as an angiogenesis factor (16–19). The
structure and function of VEGF protein and its gene regulation have been reviewed
extensively (3,12). Briefly, up to six different VEGF isoforms are derived through alter-
native splicing of mRNA (12,20). The smaller isoforms (VEGF110, VEGF121, VEGF144,
and VEGF165) are secreted and freely diffusible, whereas the larger isoforms (VEGF189
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Fig. 6. Intravitreal triamcinolone acetonide for diabetic macular edema. Fundus photo
demonstrates that the whitish drug is visible immediately after injection into the vitreous.
See color version on companion CD.



and VEGF206) are bound to heparin-containing proteoglycans on the cell surface or
basement membrane (21). In terms of permeability, VEGF is 50,000 times more potent
at increasing dermal microvascular permeability than histamine (22). VEGF induces
expression of urokinase-type and tissue-type plasminogen activators, as well as that of
metalloproteinase interstitial collagenase. This coinduction promotes degradation of
the local extracellular matrix and facilitates endothelial cell migration (23). VEGF is an
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Fig. 7. Panretinal laser photocoagulation for proliferative diabetic retinopathy. A pattern
of whitish recent laser spots is seen outside the macula area. See color version on companion CD.

Fig. 8. Severe proliferative diabetic retinopathy with fibrovascular overgrowth and distortion
of the retina. Fundus photo demonstrates that the underlying retinal anatomy is completely
obscured, and extensive traction detachment of the retina, due to progressive growth and
contracture of the neovascular tissue, is seen. See color version on companion CD.



endothelial cell-specific mitogen (24,25). It has been shown that VEGF is involved in
normal vascular development, ovulation, and tumor angiogenesis (12). Hypoxia is a
major regulator of VEGF expression (12), which distinguishes VEGF from other
growth factors that have been postulated to have a role in ocular neovascular diseases,
including insulin-like growth factor (IGF)-1, fibroblast growth factors (FGFs), epidermal
growth factor (EGF), PlGF, and VEGF-B (26). VEGF expression is upregulated by
hypoxia (24–28).

Three members of the VEGF receptor (VEGFR) family have been identified so far.
VEGFR-1 (fms-like tyrosine kinase-1, Flt-1) is predominantly expressed in pericytes
and has been implicated in vessel survival (3). VEGFR-2 (kinase insert domain-
containing receptor or KDR) is considered to be the receptor that mediates functional
VEGF signaling in endothelial cells (29,30). VEGFR-3 is implicated in lymphangio-
genesis (31). The critical role of VEGF in developmental angiogenesis and vasculoge-
nesis is demonstrated by the fact that deletion of the genes for VEGF, or its receptors,
results in abnormal blood vessel development and death in utero (3,12,32–35).

EVIDENCE FOR ROLE OF VEGF IN DIABETIC RETINOPATHY

Many cells in the eye produce VEGF. Within the retina, these include RPE cells,
pericytes, endothelial cells, glial cells, Müller cells, and ganglion cells (9). VEGF is
causally linked to retinal ischemia-associated neovascularization (10,36–41). The levels
of VEGF in the retina and vitreous of patients with proliferative diabetic retinopathy
are elevated, and they decrease when treatment with laser photocoagulation induces
remission of these diseases (42,43). It is expressed at high levels in response to hypoxia
(25,44). Increased levels of VEGF are present in ischemic retinal cells in vivo (38–40)
and in vitro (41).

VEGF preferentially binds to high-affinity receptors on retinal endothelial cells (45).
VEGF receptors on endothelial cells appear to be tyrosine kinases capable of phospho-
rylating other proteins involved in cellular signal transduction (46). Furthermore, in
vitro inhibition experiments have identified VEGF as the sole endothelial cell mitogen
synthesized and secreted by hypoxic retinal cells (37,41). VEGF levels were shown to
correlate both spatially and temporally with iris neovascularization in a monkey model
(38). The correlation of VEGF with neovascularization of the retina was found in a
neonatal mouse model of hypoxia-induced neovascularization (40). These studies
demonstrated that VEGF expression was increased in the retina prior to the development
of neovascularization in this mouse model of proliferative retinopathff y. In addition,
VEGF levels declined as the neovascularization regressed in these animals. Injection of
VEGF into normal primate eyes is sufficient to produce retinal edema, hemorrhage,
venous beading, capillary occlusion with ischemia, microaneurysms, and retinal and
iris neovascularization and neovascular glaucoma, characteristic findings of all stages
of diabetic retinopathy (47,48). Moreover, the inhibition of intraocular VEGF sup-
presses retinal ischemia-associated iris (36) and retinal neovascularization (37)7 .
Blockade of VEGF receptor signaling is sufficient to completely prevent retinal neo-
vascularization (49). Therefore, VEGF appears to be the mediator of ischemia-induced
intraocular angiogenesis. Retinal VEGF levels are also increased at the nonproliferative
stage in diabetic animal models (50–52).
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In the human eye, elevated vitreous and aqueous VEGF levels correlate strongly
with retinal ischemia-associated neovascularization in diabetic retinopathy, retinal vein
occlusion, and retinopathy of prematurity (42,43,52,53). The vitreous concentrations of
VEGF were higher than aqueous levels, suggesting the existence of an intraocular
VEGF concentration gradient between the vitreous and aqueous. After successful laser
panretinal photocoagulation for retinal neovascularization, the intraocular concentra-
tion of VEGF was reduced by an average of 75% (43). Furthermore, the VEGF present
in the vitreous of individuals with active intraocular neovascularization was capable of
binding VEGF receptors, as well as stimulating retinal endothelial cell growth in vitro
(43). In a study evaluating the presence of angiogenic growth factors expressed in neo-
vascular membranes obtained from diabetic patients, VEGF was consistently detected
(54). High VEGF mRNA levels were detected in the retinas of enucleated eyes from
patients with neovascularization secondary to diabetes, central retinal vein occlusion,
retinal detachment, and intraocular tumors (39). Increased VEGF expression was also
demonstrated in the retinal and choroidal vessels of subjects with diabetes using
immunohistochemical localization of postmortem tissue (55). These data demonstrate a
close correlation between elevated intraocular VEGF concentration and active intraocular
neovascularization in humans.

Both glucose (56,57)7 and advanced glycation endproducts (AGEs) (58) stimulate
VEGF expression. The increase in VEGF by hyperglycemia and AGEs may cause the
leakage of the retinal vasculature at the mild nonproliferative stage of diabetic retinopathy.
VEGF induces leukostasis via the induction of endothelial cell expression of intercellelular
adhesion molecule (ICAM)-1 (4,59–61). In both streptozotocin-induced diabetes in rats
and VEGF-induced retinopathy in rats, the adhesion molecule ICAM-1 to which leuko-
cytes adhere, is upregulated on retinal endothelium (60). The adhered leukocytes
obstruct blood flow and cause capillary nonperfusion. Hypertrophy and hyperplasia of
the retinal capillary endothelial cells in VEGF-induced retinopathy may also contribute
to the narrowing of capillary lumina (62,63). Ischemia further increases VEGF gene
expression by increasing VEGF mRNA stability and enhancing VEGF gene transcrip-
tion (64,65). Thus there is a positive feedback loop that increases VEGF production in
an accelerated manner. The positive feedback loop of VEGF and ischemia contributes
to the accelerated accumulation of VEGF seen at the advanced stages of diabetic
retinopathy. Once the VEGF concentration in the retina and vitreous exceeds the threshold
of angiogenesis, new vessels grow and the proliferative stage ensues. 

OTHER MOLECULES—PIGMENT EPITHELIUM-DERIVED FACTOR,
INSULIN-LIKE GROWTH FACTOR-1, ANGIOPOIETIN-1 AND -2

The ancient Chinese yin-yang theory also applies to ocular angiogenic and angiostatic
homeostasis. Neovascularization not only is a response to a rise in the local concentra-
tion of angiogenic molecules but also requires a fall in the levels of endogenous angio-
static molecules (66). Numerous inhibitors of angiogenesis have been reported to
counteract the effects of VEGF. Pigment epithelium-derived factor (PEDF) is one such
putative inhibitor that is found in the normal eye responsible for the avascularity of
cornea and vitreous (67)7 . PEDF has been reported to be increased by hyperoxia and
decreased by hypoxia (67)7 , unlike many other angiostatic factors discovered so far,
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such as angiostatin (68) and endostatin (69). Expression of PEDF causes the regression
of ocular neovascularization by promoting apoptosis of cells within neovascular
lesions (70,71). Lower levels of PEDF were found in the vitreous of patients with
diabetic retinopathy where VEGF level was increased (72,73). These data suggest
that the induction of angiogenesis in the eye requires not only an elevation of VEGF
but also a decrease in PEDF—the loss of balance between angiogenic and angiostatic
factors. Overexpression of PEDF inhibits retinal neovascularization (70,74–76).
Therapeutically, antagonists of VEGF and agonists of PEDF could have synergistic
effects in inhibiting neovascularization in diabetic retinopathy and other ocular dis-
eases. However, the role of PEDF in diabetic retinopathy remains to be elucidated, as
genetic deletion of PEDF does not significantly alter the development of ocular vascu-
lature (77)7 , and high levels of immunoreactive PEDF were found in the vitreous of
individuals with or without ocular neovascularization (78), contradictory to some previous
reports (72,73).

Growth hormone and IGF-1 are also involved in the pathogenesis of diabetc retinopathy
(79). Ablation of the pituitary gland has been associated with regression of retinal
neovascularization (80). The incidence and severity of diabetic retinopathy in growth
hormone-deficient dwarfs are much lower than in other diabetic patients (81).
Furthermore, the concentrations of IGF-1 in the vitreous correlate positively with serum
concentrations in patients with diabetes but not in normal subjects (82,83). Thus, leak-
age into the vitreous from systemic circulation is probably the primary source of this
factor, although local production in the eye cannot be ruled out. IGF-1 is an endothelial
cell mitogen and it stimulates VEGF gene expression by enhancing VEGF gene tran-
scription (84). An IGF-1 receptor antagonist suppresses retinal neovascularization in
vivo (85). Inhibition of growth hormone and/or IGF-1 resulted in decreased retinal neo-
vascularization (85–87)7 . IGF-1 has been hypothesized as a permissive agent for VEGF
to stimulate new vessel growth (88).

A number of additional angiogenesis modulators were discovered in the last decade.
Angiopoietins are regulators of vascular integrity and are involved in pathological neo-
vascularization (89). Angiopoietin (Ang)-1 protects the adult’s vasculature against
plasma leakage (90). Ang-2 enhances VEGF effect in ischemia-induced angiogenesis.
Both hypoxia and VEGF upregulate the expression of Ang2 but not Ang1 in endothelial
cells (91). The opposite effects of the angiopoietins owe to their respective agonist and
antagonist signaling action through the endothelial Tie2 receptor. The combined inhibition
of Ang2 and VEGF signaling may be more effective in treating ischemic retinal
disorders (92). Vessels in Ang1-overexpressing mice were resistant to leaks caused by
inflammatory agents. Coexpression of Ang1 and VEGF had an additive effect on angio-
genesis but resulted in leakage-resistant vessels typical of Ang1 (93). Therefore, Ang1
may be useful for reducing microvascular leakage and, in combination with VEGF, for
promoting growth of competent vessels. 

BRANCH AND CENTRAL RETINAL VENOUS OCCLUSIONS

Occlusion of a branch retinal vein causes regional retinal hemorrhages and edema,
with some patients experiencing retinal ischemia and secondary neovascularization and
vitreous hemorrhage (94). The typical mechanism of visual loss is retinal edema (Fig. 9),
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more commonly without the accumulation of the hard exudates seen in diabetic
retinopathy, although loss of perfusion in the macula may also develop and severely
reduce vision (Fig. 10). Neovascularization, if it develops, may reduce vision due to vit-
reous hemorrhage, or rarely, retinal detachment. Central retinal vein occlusion is usually
caused by a thrombus in the region of the lamina cribrosa, and causes a profound
engorgement of the retinal circulation with widespread retinal venous tortuousity,
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Fig. 9. Branch retinal vein occlusion (BRVO) with macular edema. (A) Fundus photo shows
sectoral pattern of hemorrhage and a cotton-wool spot (nerve-fiber layer infarct) at and inferior
to the fovea; the hemorrhage above the disk is related to the underlying hypertension, and is not
part of the BRVO. (B) Fluorescein angiogram reveals corresponding macular edema in the late
phases of the study. See color version on companion CD.



hemorrhages, and macular edema (95) (Fig. 11). Although a substantial number of
younger patients with the disease may show spontaneous improvement, in patients
older than 65 yr of age the prognosis is poor. Visual acuity is reduced by either persistent
macular edema or by the development of retinal ischemia (Fig. 12) frequently followed
by neovascularization of the iris and severe painful glaucoma that may require enucleation
to control.

VEGF was temporally and spatially correlated with ocular angiogenesis in a primate
model of BRVO (38). In human eyes surgically removed from patients with CRVO
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Fig. 10. Branch retinal vein occlusion with severe retinal ischemia. (A) Fundus photograph
reveals extensive hemorrhage in a sectoral pattern inferiorly, consistent with involvement of a
branch retinal vein. (B) Fluorescein angiogram discloses profound retinal capillary ischemia in
the affected territory, visible as extensive nonperfused dark areas between the remaining large
vascular trunks. See color version on companion CD.



and neovascular glaucoma, the VEGF-producing retinal cells resided in the ischemic
regions of the retina (53). There was a correlation of increased VEGF levels in the
aqueous with neovascularization and permeability in patients with ischemic CRVO
(96)6 . The role of VEGF in retinal arteriolar occlusive diseases, including central retinal
artery occlusion and branch retinal artery occlusion, seems similar to that in diabetic
retinopathy, in that retinal ischemia/hypoxia increases VEGF expression.
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Fig. 11. Central retinal vein occlusion (CRVO) with recent onset. Fundus photograph reveals
extensive retinal hemorrhages and vascular tortuousity due to CRVO. See color version on
companion CD.

Fig. 12. Central retinal vein occlusion with severe retinal ischemia. Fluorescein angiogram
shows extensive loss of retinal circulation, visible as dark, nonperfused areas in much of the photo.



The use of anti-VEGF agents for BRVO and CRVO might be envisioned for both
control of neovascularization (particularly rubeosis in CRVO) as well as the more com-
mon problem of macular edema in both conditions. Trials of intravitreal anti-VEGF
agents to control the macular edema are in progress, but results are not yet available.

RETINOPATHY OF PREMATURITY

ROP is a major cause of blindness in children in developed countries (88). It is a condi-
tion in which the immature peripheral retinal vessels proliferate abnormally with neovas-
cularization and associated fibrous tissue contracture, often resulting in profound visual
loss due to opacified fibrovascular membrane overgrowth across the anterior vitreous with
secondary traction retinal detachment due to contraction of this anterior fibrovascular tis-
sue. The process appears to consist of two phases: (1) ischemia in the incompletely vascu-
larized peripheral retina in the premature infant, followed by (2) neovascularization. It has
been well modeled in neonatal experimental animals that are first exposed to hyperoxemia
(with suppression of normal peripheral retinal vascularization) followed by return to room
air with relative ischemia in the incompletely vascularized retinal periphery (40).

Retinal vascular growth is delayed after premature birth, due to the low level of IGF-1
normally provided by the placenta and the amniotic fluid. IGF-1 is required for VEGF
signaling for vascular endothelial cell growth and survival (88). Hyperoxia (supplemen-
tal oxygen) inhibits vessel formation by suppressing endogenous VEGF production (97)7 .
Insufficient vascularization of the developing retina creates hypoxia, which stimulates
VEGF production. Once the VEGF expression supercedes the threshold level, retinal
neovascularization ensues. In the mouse and rat models of ROP, hyperoxia causes cessa-
tion of normal vessel growth through suppression of VEGF expression, causing loss of
the physiological wave of VEGF anterior to the growing vascular front (40,98). Non-
oxygen-regulated factors such as IGF-1 also play a role. IGF-1 levels, low at premature
birth, rise with ROP progression, permitting VEGF-induced retinopathy (85,88).
Furthermore, IGF-1 stimulates VEGF expression in retinal cells (84), and its effect on
retinal neovascularization is mediated, at least in part, through VEGF expression.

The animal model of ROP appears to mirror the human situation quite closely, and
has provided specifics into the role of VEGF and other factors in the development of
the condition. Although it is clear that VEGF is critically involved in this disease, a
direct therapeutic trial with anti-VEGF agents is not ongoing at present, because of the
advanced stage at which the disease presents, as well as many other difficulties in the
management of ROP. Nevertheless, it is likely that a successful angiostatic agent, with
an acceptable route of administration, would be of great benefit in this condition in the
control of fibrovascular proliferation and retinal detachment. Such a drug therapy would
reduce the need for retinal ablative therapies with laser and cryo-therapy that are currentlyrr
used to control neovascularization in these infants.

CHOROIDAL NEOVASCULARIZATION AND ROLE OF VEGF
IN PATHOGENESIS OF AGE-RELATED MACULAR DEGENERATION

AMD is a complex, multistage, bilateral, and frequently progressive disease that is a
substantial cause of visual impairment and suffering in older patients. Although there
are marked racial, regional, and other differences in occurrence, no group is spared,
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and it is worldwide in its distribution. AMD accounts for over 50% of blindness in
Caucasian patients in the United States who are over 40 yr of age; this will increase sub-
stantially over the next decades as the aging of industrialized populations continues (99).

The earliest ophthalmoscopically visible manifestations of the disease include drusen
and areas of hypo- or hyperpigmentary change in the macular RPE. These findings may
be minor, asymptomatic, and nonprogressive for a given individual, or they may pro-
duce progressive visual loss due to increasing atrophic or hyperplastic changes in the
macular retina and RPE. Most important, studies have shown that patients with larger
and more extensive drusen and pigmentary abnormalities have a relatively higher
chance of developing neovascular AMD, with the development of choroidal new ves-
sels that break through the Bruch’s membrane into the subretinal pigment epithelial
space and/or subretinal space, frequently affecting the fovea and producing substantial
visual loss (Figs. 13 and 14). Although the pathogenesis of CNV in AMD is not fully
understood, VEGF plays an important role (reviewed in refs. 1–3,23). The increased
thickness and hydrophobicity of Bruch’s membrane with lipophilic material may
decrease the diffusion of oxygen from the choroid to retina (100). Hypoxia is a potent
stimulus of VEGF expression. Other factors implicated in AMD, such as AGE and
reactive-oxygen intermediates, are potent stimuli of VEGF expression in RPE cells
(58,101). VEGF is overexpressed in the RPE of autopsy eyes with AMD and in transd-
ifferentiated RPE cells of surgically excised CNV membranes (102–104). Vitreous
VEGF levels were found to be significantly higher in patients with AMD and CNV as
compared with healthy controls (105–106)6 . Studies on transgenic mice and other animal
models indicate that overexpressing VEGF in retinal RPE cells leads to CNV formation
(107–109).

It is helpful to view the neovascular AMD lesion in two important contexts. First, it
is clearly and advanced stage of a complex disease, and it would certainly be better to
prevent it than to treat it. Second, each lesion is capable of including a great diversity of
anatomic derangements (e.g., blood, exudation, atrophy, fibrosis, etc.) which, given the
micron-by-micron importance of the macular retina, can have a profound influence on
visual function. These anatomic/clinical elements encountered in AMD lesions are
listed in Table 1. As a result of this variability, one lesion with subretinal hemorrhage
that avoids the foveal area will produce very different symptoms from one in which the
hemorrhage involves the fovea. Similarly, a lesion with an extrafoveal eruption of
choroidal new vessels without a broad overlying serous elevation of the sensory retina
will have a much different prognosis from one in which the new vessels involve the
fovea. These differences are frequently obliterated in the need to study patients and
treatments with “neovascular AMD” but are critical to understanding the pathophysiol-
ogy of AMD and the potential for treatment. Table 2 revisits the basic lesion elements
and suggests the potential reversibility of each with current or future therapies.

The attractiveness of VEGF as a therapeutic target derives from its roles in two of
the most basic processes within a typical lesion of advanced AMD, namely neovascu-
larization and vascular leakage. The role of VEGF as a critical factor in the control of
the growth of abnormal blood vessels from the choroid directly attacks a central prob-
lem in this disease. However, the profound vascular permeability induced by VEGF is
potentially of even greater importance in the treatment of established neovascular AMD
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lesions, in which leakage of fluid from new vessels causes visual loss through retinal
edema and exudation, subretinal fluid, and hemorrhage. Furthermore, these permeability-
related derangements appear to be reversible, offering the prospect of restoring function
to retinal elements encumbered by edema.

Laboratory evidence suggesting the efficacy of the anti-VEGF approach in treating
AMD is emerging. Repetitive intravitreous injection of rhuFabV2, an active fragment

Anti-VEGF Therapies 325

Fig. 13. Age-related macular degeneration with choroidal neovascularization. (A) Fundus
photograph shows an area of hypopigmentation near the fovea, with a smaller subretinal hemorrhage
visible at the four o’clock direction from the fovea. (B) Fluorescein angiogram of the same eye
reveals a large cartwheel pattern typical of classic choroidal neovascularization, which in this
eye involves the entire central macula. See color version on companion CD.



of a recombinant humanized monoclonal VEGF antibody, inhibits the development of
laser-induced CNV in a primate model (110). Adenoviral transfection of a soluble
VEGF receptor into the RPE of rats inhibited the development of laser-induced CNV
(111). Clinical trials with anti-VEGF agents are ongoing, and are discussed below.
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Fig. 14. Age-related macular degeneration with choroidal neovascularization. (A) Fundus photo
at initial patient presentation demonstrates subretinal hemorrhage in the macula. (B) Fluorescein
angiogram of the same eye several months later shows the choroidal neovascular membrane visi-
ble in the lower left center of the photo; there are extensive other pigmentary changes due to
chronic exudation and retinal pigment epithelium alterations. (C) Fundus photograph of the same
eye at a later date reveals subretinal fibrosis has developed, indicated by whitish scar tissue with
pigmented borders. See color version on companion CD.



As in diabetic retinopathy, imbalance of angiogenic and angiostatic factors occurs in
AMD. Expression of PEDF was decreased in cells within choroidal neovascular tis-
sues, where VEGF level was increased (112–113). An inverse correlation of the expres-
sion of PEDF and the formation of CNV has been found in an experimental animal
model (114), suggesting that PEDF alone or in combination with anti-VEGF agents
may be used as alternative strategies for the treatment of CNV. CNV was significantly
decreased after intraocular injection of adenoviral vectors expressing PEDF (74). A
phase I study of gene therapy with adenovirus vector containing the PEDF gene is
under way for advanced CNV in patients with AMD (115).

Angiopoietins also play a role in CNV formation. Histological examination of CNV
in AMD and other diseases disclosed that Ang1 and Ang2 were present (116)6 . The Tie2
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Fig. 14. (Continued)

Table 1
Anatomic/Clinical Elements of Age-Related Macular Degeneration Lesions

Leakage from choroidal neovascularization membrane Neovascularization
Retinal edema SubRPE
Hemorrhage Subretinal

Sub-retinal pigment epithelium (RPE) Intraretinal
Subretinal Fibrosis
Retinal Intraretinal
Vitreous Preretinal

Detachment Subretinal
Drusen Sub-RPE
RPE ± tear Photoreceptor/retinal cell atrophy
Retinal Choriocapillaris atrophy

RPE hyperplasia Chorioretinal anastomosis
RPE atrophy



receptor is expressed in the vascular structures as well as the RPE and in fibroblast-like
cells. VEGF upregulates Ang1 synthesis and secretion by RPE cells (117)7 . Systemically
expressed soluble Tie2 receptor via adenoviral-mediated gene delivery markedly
inhibits the development of laser-induced CNV in mice (118). Ang1 may have a potential
therapeutic use as it suppresses VEGF-induced leukostasis and inflammation by inhibit-
ing expression of ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), and
E-selectin (119).

CLINICAL INVESTIGATION OF PHARMACOLOGICAL THERAPIES

Anti-VEGF Approaches

Because VEGF is both a permeability factor and an angiogenic factor, anti-VEGF
agents may be used to treat both leakage and neovascularization of the retina and
choroid. The strategies used in the development of antiangiogenic agents involve the
inhibition of angiogenic factors as well as therapy with endogenous inhibitors of angio-
genesis, such as PEDF, endostatin, and angiostatin. VEGF antagonists have been devel-
oped by many research laboratories and pharmaceutical companies, including, among
others, an aptamer (Macugen®, Eyetech Pharmaceuticals) which neutralizes VEGF in
the extracellular milieu; neutralizing antibody fragment rhufab (Lucentis®, Genentech);
signal transduction inhibitors, LY333531 (ruboxistaurin, Eli Lilly); ribozymes (Ribozyme
Pharmaceuticals).

Macugen

Macugen is a pegylated anti-VEGF aptamer that binds to, and inhibits the function of,
VEGF. It competitively binds to the major isoform of VEGF, VEGF165, like an antibody.
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Table 2
Treatment Possibilities for Age-Related Macular Degeneration Lesion Elements

Element Potential reversability with therapy

Neovascularization Reversible (controllable) with
Laser if extrafoveal
Photodynamic therapy
Surgery and numerous experimental therapies
Antiangiogenic drugs

Leakage (and bleeding) from Reversible with
choroidal neovascularization Closure, reduction, or elimination of vessels as above
membrane Drugs to control permeability

Surgery or observation for hemorrhage in many sites
Fibrosis Irreversible
Retinal pigment epithelium (RPE) Irreversible (possible RPE transplantation in future)

atrophy
RPE hyperplasia Irreversible (possible RPE transplantation in future)
Photoreceptor/retinal cell atrophy Irreversible (neuroregenerative growth factors, neural

retinal transplants, or chip implants in distant future)
Choriocapillaris atrophy Irreversible
Chorioretinal anastomosis Irreversible



Aptamers are chemically synthesized short strands of RNA (oligonucleotides) that adopt
highly specific three-dimensional conformations. There are two Phase II/III clinical tri-
als for the use of Macugen in the treatment of exudative AMD and one Phase II/III clin-
ical trial of Macugen for its use in the treatment of diabetic macular edema. Macugen is
also being tested for the treatment of retinal vein occlusions. The drug is given by intra-
vitreal injection, and initial treatment plans call for reinjection every 6 wk.

Results from two large, prospective, randomized, multicenter pivotal trials of patients
with neovascular AMD have recently been released (120). Patients with vision of 20/40
to 20/320 and evidence of subfoveal involvement were assigned to one of three doses
(0.3, 1, or 3.0 mg) of Macugen or sham injections. The trial achieved statistical signifi-
cance in its primary endpoint, namely, the ability to limit further visual loss of 15 or
more letters in a treated patient. In August 2004, data presented to the FDA demon-
strated that intravitreous 0.3 mg Macugen treatment, given at 6-wk intervals and meas-
ured at an endpoint of 1 yr, stabilized or improved vision in 33% of the patients compared
with 23% of controls. Seventy percent of the patients given 0.3 mg Macugen lost less
than three lines of vision during the year, compared with 55% in the control group. In
addition to visual results, the treatment decreased the leakage and lesion size over time,
but other measures of leakage, such as optical coherence tomography (OCT), were not
included in the trial. The 1.0-mg dose was also significant, but the 3.0-mg dose did not
achieve statistical significance—a finding that is currently unexplained. There were no
drug-related systemic or ocular toxicities noted, but complications of the injection pro-
cedure were seen. Twelve of the 1190 patients developed endophthalmitis as a result of
the injections, but the majority were treatable and remained in the trial; only one patient
experienced severe visual loss from endophthalmitis. Given the fact that more than 7500
injections were administered, the safety profile appeared quite comparable to other
intravitreal injection procedures. From the patient’s perspective, the multiple injections
were well tolerated, with most other adverse events being mild and transient.

Also recently, results have been released on a pilot trial of 169 patients given 0.3 mg
Macugen every 6 wk by intravitreous injection for the treatment of diabetic macular
edema (121). Seventy-three percent of treated patients had stable or improved vision at
36 wk, compared with 51% of controls (p(( = 0.02). Additional data are forthcoming.

Lucentis (Rhufab V2)

Lucentis is a recombinantly produced, humanized, antibody Fab fragment to VEGF.
It was designed to bind to and inhibit all isoforms of VEGF. Lucentis penetrates through
all retinal layers, whereas IgG penetrates only superficially (122). Phase I/II study indi-
cated that Lucentis was well tolerated and inflammation was not significant. Lucentis
inhibits the development of laser-induced CNV in a primate model (110). A pilot trial
of 53 patients with subfoveal neovascular AMD treated with intravitreal injection with
one of two doses every 4 wk showed that 94% had stable or improved vision (123).
Compared with 11 untreated controls, who lost an average 4.9 letters of acuity at day
98, treated patients gained an average of 9.0 letters. These highly favorable results,
notable for a substantial number of patients with visual gain, encouraged Genentech to
conduct the ongoing pivotal Phase III randomized trials for patients with predomi-
nantly occult and predominately classic CNV due to AMD.
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Ruboxistaurin

Ruboxistaurin (PKC B inhibitor, LY333531) mesylate was designed to block the
signal transduction pathway of VEGF. VEGF binds to its receptor Flk-1 (KDR), activates
specific PKC isoforms including β-2, and causes edema and neovascularization. LY333531
inhibited more than 95% of the edema formation in the retina of diabetic animal models
(124). Treatment with LY333531 attenuated the increase of leukocyte entrapment in the
retinal microcirculation during the period of early diabetes (125). Clinical trials by Eli
Lilly and Company showed that ruboxistaurin delays the occurrence of moderate visual
loss in patients with moderately severe to very severe nonproliferative diabetic retino-
pathy, according to the results of a multicenter trial presented during the 63rd Scientific
Session of the American Diabetes Association (ADA). Ruboxistaurin is also being stud-
ied by Eli Lilly as a possible treatment for diabetic peripheral neuropathy and diabetic
nephropathy, the other two major diabetic microvascular complications.

VEGF-TRAP

VEGF-TRAP(R1R2) is a fusion protein, which combines ligand binding elements
taken from the extracellular domains of VEGFR-1 and VEGFR-2 fused to the Fc por-
tion of IgG (126)6 . This potent high-affinity VEGF blocker effectively suppresses tumor
growth and vascularization in vivo, resulting in almost completely avascular tumors
(126)6 . Subcutaneous injections or a single intravitreous injection of VEGF-TRAP(R1R2)
strongly suppressed choroidal neovascularization in mice with laser-induced rupture of
Bruch’s membrane, as well as subretinal neovascularization in transgenic mice expressing
VEGF in photoreceptor cells (127)7 . VEGF-TRAP(R1R2) significantly reduced the vas-
cular leakage in two models of VEGF-induced breakdown of the blood–retinal barrier.
These data confirm that VEGF is a critical stimulus for the development of choroidal
neovascularization and indicate that VEGF-TRAP(R1R2) may provide a new agent for
the treatment of choroidal neovascularization and diabetic macular edema (127)7 . The
compound is not yet in clinical trials.

Other Approaches
Retaane

Anecortave acetate (Retaane®, Alcon Laboratories) is a modified steroid derivative
without glucocorticoid activity. It inhibits extracellular matrix protease activity induced
by angiogenic stimuli and thus blocks cell migration. Retaane significantly reduced
retinal neovascularization in a rat model of retinopathy of prematurity (128) as well as
in numerous other experimental neovascularization models. For patient use, it is deliv-
ered using posterior juxtascleral injection. Clinical trials on patients with subfoveal
neovascular AMD are ongoing, and 24-mo data on the Retaane phase II/III were
recently released (129). Retaane was significantly better than placebo for preserving
vision, preventing severe vision loss, and inhibiting the growth of all lesion types in
patients with wet AMD. At 2 yr, 73% of patients treated with Retaane showed stable or
improved vision, whereas only 47% of placebo-treated patients showed a similar vision
outcome (p( = 0.035). In addition, 94% of patients experienced no severe vision loss
after 2 yr of treatment with Retaane. At 12 mo, 79% of patients treated with Retaane
had stable or improved vision, whereas only 53% of placebo-treated patients showed a
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similar vision outcome. Treated patients also showed no increase in choroidal neovascu-
larization. To date, there have been no clinically relevant safety issues. Alcon has recently
completed enrollment in a large randomized, prospective, multicenter Phase III clinical
trial comparing the effectiveness of Retaane with photodynamic therapy (PDT).

Other Drugs

Other angiostatic agents in development include angiostatic steroids, cyclooxygenase
inhibitors, integrin antagonists, thalidomide, prolactin, octreotide, matrix metallopro-
teinase inhibitors, thrombospondin-2, curcumin, angiostatin, endostatin, plasminogen
kringle 5 (K5), and TNP-470 (3,12,130). K5 exerts its angiostatic activity by decreas-
ing VEGF and increasing PEDF (131). Steroids’ antiinflammatory effect translates into
antiangiogenic activity. Intravitreal triamcinolone acetonide effectively inhibited pre-
retinal and optic nerve head neovascularization in the pig retinal vein occlusion model
(132). In human studies, intravitreal triamcinolone has been shown to be effective in
treating macular edema in diabetic retinopathy that is refractory to laser photocoagula-
tion (10,133,134). Inflammatory mechanisms influence neovascularization of the retina
and choroids and cyclooxygenase-2 (COX-2) is induced in retinal astrocytes in human
diabetic retinopathy, in the murine and rat model of ischemic proliferative retinopathy
in vivo, and in hypoxic astrocytes in vitro. Specific COX-2 but not COX-1 inhibitors
prevented intravitreal neovascularization (135). Intravitreal administration of indomethacin,
a cyclooxygenase inhibitor, inhibits the formation of laser-induced subretinal neovas-
cularization in monkey eyes (136). Integrin antagonists inhibited retinal neovascular-
ization and CNV in animal models and may provide additional targeting sites for the
treatment of ocular angiogenic diseases (137–139). The integrin family of adhesion
receptors mediate endothelial cell proliferation (140).

DRUG DELIVERY MODALITIES FOR ANTI-VEGF AND OTHER AGENTS

The pharmacological approaches discussed above offer a new hope for the success-
ful treatment of ocular disorders associated with neovascularization. However, there are
a number of potential problems that warrant caution in clinical trials. For the eye, the
method of drug delivery is important. Local delivery presumably has fewer side effects
than systemic administration. Local delivery may be done by using extraocular depot
injections, intravitreal injections, delivery through gene therapy, or administration
through intraocular or extraocular slow-release implant devices. Compounds delivered
by eyedrops usually do not reach the posterior segment of the eye with therapeutic con-
centrations, where pathological neovascularization most often occurs. Gene therapy is
promising for delivery of antiangiogenic proteins, as the RPE is an easy target for viral
transfection and strategically located, but problems remain in developing safe viral vec-
tors. Multiple intravitreal injections, as are used in some of the current clinical trials,
involve the risks of endophthalmitis and retinal detachment. Slow-release implants
involve intraocular surgery, whereas discontinuation of drug delivery, if needed in case
of side effects, can be problematic. Intravitreal polymer implants have been used to
release drugs with first-order kinetics over an extended duration. Anti-VEGF receptor
(KDR) antibody delivered by slow-release pellets inhibited the formation of retinal vessels
in oxygen-induced retinopathy in dogs, an animal model of ROP (141).
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Transscleral delivery is an innovative modality of delivering drugs to the posterior
segment (142). Sustained transscleral delivery of medications may be achieved 
by a controlled-release device. The loading of aptamer EYE001-containing poly
(lactic-co-glycolic) acid microspheres into a device and placing it on the orbital surface
of the sclera was shown to be feasible (143). Additional investigational drug delivery
modalities are iontophoresis and sonophoresis, the application of an electrical current
or ultrasound to facilitate diffusion of a drug across tissue barriers. For systemic ther-
apy, inhibition of VEGF may lead to suppression of the normal neovascular response,
at times when it is needed, such as for the cardiac circulation and reproductive system.
Suppression of normal wound healing is not desired as well. It is still unknown whether
excessive inhibition of VEGF in the eye will lead to side effects due to unknown func-
tions of VEGF, e.g., physiological level for endothelial survival. VEGF is constitutively
expressed in retina of humans and primates (144). In knockout mice in which the
hypoxia-responsive gene of VEGF was inactivated, a neurodegenerative disorder devel-
oped, suggesting that a neurotrophic function of hypoxia-induced VEGF is essential
under physiological conditions (145).

CONCLUSIONS

VEGF is an exciting point of attack in the treatment of neovascular diseases of the
retina and choroid. The underlying biochemistry is complex, however, and combination
approaches, utilizing drugs, surgery, laser, and other modalities, will be explored to
treat neovascularization, vascular leakage, and ischemia, and thereby secure the maxi-
mum visual benefit for affected patients. The exciting clinical results seen in early tri-
als of AMD and diabetic macular edema represent the beginning, and not the limit,
of the pharmacotherapy for the retina.
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RELEVANCE OF ANECORTAVE ACETATE TO CNV
ASSOCIATED WITH AMD

A variety of angiogenic factors have been identified in choroidal neovascularization
(CNV) membranes of patients with exudative age-related macular degeneration (AMD)
(1), and several different angiogenic factors can cause experimental CNV (2,3). One of
the rate-limiting steps for neovascularization is the angiogenic factor-induced activa-
tion of vascular endothelial cells and induction of the angiogenic proteolytic cascade,
which allows the endothelial cells to break through the vessel wall and migrate through
interstitial tissue to form new blood vessels. An ideal therapeutic agent for the treat-
ment of exudative AMD should be able to inhibit CNV independent of the factor(s)
inducing neovascularization and should attack the rate-limiting step of neovascularization.
In addition, this agent should be locally administered via a mechanism that does not
pierce the eye, deliver the therapeutic agent to the macula, and not require frequent
administration. Due to the chronic nature of AMD, the therapeutic agent should have
superior ocular and systemic safety.

RETAANE® 15 mg (anecortave acetate suspension) meets all these criteria.
Anecortave acetate is an angiostatic cortisene that is being evaluated clinically for the
treatment of CNV. Unlike other therapies being tested, it is administered by transscleral
delivery outside the eye as a posterior juxtascleral depot once every 6 mo. Anecortave
acetate has been extensively tested and shown to have angiostatic activity in 12 preclin-
ical models of neovascularization and has been shown to work independently of the
inciting cause of neovascularization.
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PRECLINICAL EVALUATION OF ANECORTAVE ACETATE

Design of Anecortave Acetate

Anecortave acetate is a derivative of cortisol that was designed to enhance angio-
static activity but eliminate glucocorticoid activity. Although glucocorticoids are
well known for their antiinflammatory and angiostatic activities, they have serious
side effects, including the development of ocular hypertension and glaucoma in sus-
ceptible individuals (4) and the development of posterior subcapsular cataracts (5).
Three modifications were made to cortisol to generate anecortave acetate (Fig. 1).
The 11β-hydroxyl group, which is essential for glucocorticoid activity, was removed
from cortisol. A double bond between C9 and C11 was added to prevent in vivo
enzymatic rehydroxylation at C11. And finally, an acetate group was added at C21
to enhance ocular penetration and provide ideal physical–chemical properties for
the administration of a slow-release depot.

The first two modifications have generated a new class of compounds known as angio-
static cortisenes. This name is derived from replacement of the 11β-hydroxyl (“ol”) in
cortisol with a C9-11 double bond (“ene”) to form a cortisene. Anecortave acetate is one
of several compounds in this new cortisene class of pregnanes with a C9-11 double bond,
which have significant angiostatic activity but are devoid of glucocorticoid activity.

Preclinical Angiostatic Efficacy of Anecortave Acetate

Anecortave acetate and/or its deacetylated active metabolite derivative, anecortave
desacetate, have significant angiostatic activity in 12 different preclinical models of
neovascularization (Table 1). Unlike many other angiostatic agents, anecortave acetate
inhibits neovascularization regardless of the inciting cause of neovascularization, and is
active in seven different species.

More than 100 compounds were assayed for angiostatic activity in a chick embryo
chorioallantoic membrane (CAM) model of neovascularization (6)6 . An agarose dosing
pellet containing the test agent was placed on the CAMs of shell-less 6 d embryos, and
the ability to inhibit new blood vessel formation was assessed 48 h later. Unlike previous
studies (14), no heparin cofactor was needed to see the angiostatic activity of anecortave
acetate and many of these compounds. Anecortave acetate and anecortave desacetate, in
addition to several other cortisenes, were much more active than the angiostatic steroids
tetrahydrocorticol (THF) and tetrahydrocortexolone (THS) (6)6 .

Fourteen of these compounds were further tested for angiostatic activity in a rabbit
corneal neovascularization model. A florid corneal neovascularization was induced by
implantation of Elvax pellets containing LPS, a potent angiogenic stimulus, in the
midstroma of rabbit corneas. The compounds were placed in another pellet adjacent to
the LPS implant. Again, the cortisene, including anecortave acetate and anecortave
desacetate, were the most active compounds, almost totally inhibiting this neovascular
response (6). There was a statistically significant correlation of angiostatic activity for
the compounds tested in the CAM and corneal neovascularization models. Topical
application of anecortave acetate dose-dependently inhibited LPS-induced corneal
neovascularization, with the 1% suspension almost totally shutting down angiogenesis
(Fig. 2) (7)7 . Efficacy was even greater with basic fibroblast growth factor (bFGF)-
induced corneal neovascularization.
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Anecortave acetate and anecortave desacetate were evaluated for angiostatic activity
against oxygen-induced retinopathy in experimental models of retinopathy of prematurity
(ROP). Newborn rat pups reared in an environment of cyclic 10 to 50% oxygen for 14 d
develop a well-characterized oxygen-induced retinopathy that mimics many features of
ROP (15,16)6 . In this model system, a single intravitreal injection of anecortave acetate at
the time of return to room air (day 14) or 2 d later (day 16) resulted in a highly significant
66% and 50% inhibition of retinopathy, respectively (9) (Fig. 3). An additional study also
showed that a single intravitreal administration of anecortave desacetate inhibited aber-
rant retinal vessel growth by 50% in a kitten model of ROP (8).

The effect of anecortave acetate on subretinal neovascularization was examined in two
different models of CNV. In the first model, subretinal implantation of a slow-release
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Fig. 1. Design and structure of anecortave acetate. Three structural modifications made to
cortisol to derive anecortave acetate. The 11β-hydroxyl group of cortisol (A) was removed and
a C9-11 double bond was added (B) to eliminate glucocorticoid activity. The 21-acetate group
(C) enhanced the pharmacokinetic properties of anecortave acetate for ocular delivery.

Table 1
Angiostatic Efficacy of Anecortave Acetate in a Variety of Preclinical Models 
of Neovascularization

Model Reference

Chicken embryo chorioallantoic membrane (CAM) 6
Rabbit corneal pocket (LPS- and bFGF-induced) 7
Kitten retinopathy of prematurity (ROP) 8
Rat pup model of ROP 9
Rabbit model of choroidal neovascularization (CNV) 

(bFGF-induced) **
Mouse model of CNV (laser-induced) 10
Rat RCS retinal neovascularization 8
Mouse retinal angiogenesis **
Mouse intraocular melanoma 11
Mouse retinoblastoma 12,13
Bovine RVEC proliferation (VEGF-induced) **
Human RVEC proliferation and tube formation (VEGF-induced) Manuscript in preparation

** = unpublished data (Alcon Research, Ltd.).



formulation of bFGF in rabbits caused marked choroidal neovascularization as assessed
histologically and by fluorescein angiography (3). A single posterior juxtascleral
administration of two different concentrations of anecortave acetate inhibited any sign
of CNV by 50 to 60% over the 8 wk of study (Fig. 4). A second study of laser-induced
CNV in mice confirmed the angiostatic activity of anecortave acetate against subretinal
neovascularization (10).

The growth of solid tumors is associated with the development of their own blood
supply, and angiostatic agents have been an attractive anticancer therapeutic target (17)7 .
Anecortave acetate was tested for activity in two different ocular tumor models. A
mouse model of a highly angiogenic melanoma was generated in which 99E1 tumor
cells were injected into the anterior chamber of nude mice. The topical ocular adminis-
tration of anecortave acetate significantly inhibited tumor growth by 70% and pre-
vented the tumor from perforating the eye (11). Subconjunctival administration of
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Fig. 2. Anecortave acetate inhibition of LPS-induced corneal neovascularization in rabbits.
Midstromal implants of LPS-impregnated pellets were placed in rabbit corneas to induce neo-
vascularization. The eyes were treated topically bid with either vehicle or 1% suspensions of
anecortave acetate for 14 d. Corneal neovascularization and edema were almost totally inhibited
by anecortave acetate treatment (7). See color version on companion CD.

Fig. 3. Inhibition of retinopathy in rat pup model of retinopathy of prematurity (ROP) by
anecortave acetate. A single intravitreal injection of anecortave acetate immediately after return
to room air (d 14) or 2 d subsequent to return to room air (d 16) significantly inhibited retinal
neovascularization by 66% and 50%, respectively (9). See color version on companion CD.



anecortave acetate dose dependently inhibited tumor growth and tumor vascularity in a
murine retinoblastoma model (12,13).

Anecortave acetate and anecortave desacetate were also inhibitory in several in vitro
models of angiogenesis. Both compounds partially inhibited the proliferation of human
vascular endothelial cells (18). Anecortave acetate dose-dependently inhibited VEGF-
induced proliferation of both bovine and human retinal vascular endothelial cells as
well as inhibited VEGF-induced tube formation in cultured human retinal vascular
endothelial cells (Penn et al., manuscript in preparation). See Table 2 for a preclinical
summary of anecortave acetate.

Mechanism of Action

Although neovascularization is a continuous process, it can be broken down into a
series of stages. The first stage consists of activation of vascular endothelial cells
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Fig. 4. Anecortave acetate mediated inhibition of bFGF-induced choroidal neovasculariza-
tion in rabbits. A slow-release subretinal implant of bFGF induced significant choroidal neovas-
cularization (CNV) in the majority of rabbits. A single posterior juxtascleral administration of
0.5 or 10 mg anecortave acetate inhibited CNV by 50 to 60% during the 8-wk duration of the
study (n = 8 per group; p < 0.025 for the 0.5-mg group and p = 0.06 for the 10-mg group; CNV
was not statistically different between the 0.5-mg and the 10-mg groups). See color version on
companion CD.

Table 2
Preclinical Summary of Anecortave Acetate

• Extensively studied ocular angiostatic agent
• Active in a wide variety of neovascular models

– In 7 different species
– In various ocular and nonocular tissues
– Independent of inciting cause of neovascularization
– Inhibits rate-limiting steps in neovascular process

• No safety-related issues identified
• Posterior juxtascleral administration provides prolonged delivery of anecortave acetate to the

macular choroid and retina for up to 6 mo after single administration



(VECs) by an angiogenic factor(s). A wide variety of angiogenic factors have been
identified, including vascular endothelial growth factor (VEGF), FGF2, platelet-derived
growth factor (PDGF), and lipopolysaccharide (LPS) (19,20). Activated endothelial
cells produce a set of extracellular proteinases (urokinase plasminogen activator [uPA]
and matrix metalloproteinases [MMPs]), which degrade the basement membrane,
allowing the cells to break through their vessel wall and migrate through the surround-
ing interstitial tissues. The VECs proliferate and associate with parenchymal cells (per-
icytes) to form capillaries that allow blood flow. A number of different classes of
therapeutic agents have been explored to inhibit each one of these steps.

Anecortave acetate is unique among the classes of angiostatic agents in several
ways (Fig. 5). It inhibits neovascularization independent of the inciting cause of
angiogenesis. Many other angiostatic agents are directed at inhibiting only one
specific angiogenic factor (such as VEGF). Anecortave acetate inhibits several steps
of the neovascular process, downstream of the initial signaling event. It inhibits the
angiogenic proteolytic cascade by inhibiting the expression of uPA and MMPs (18)
as well as upregulating the expression of the uPA inhibitor PAI-1 (9). In addition,
anecortave acetate inhibits VEC proliferation.

Preclinical Safety Studies

Anecortave acetate was extensively tested in a wide variety of preclinical ocular and
systemic safety models as well as toxicology studies. No safety-related issues have
been identified. Both anecortave acetate and anecortave desacetate lack glucocorticoid
activity. Neither exhibited glucocorticoid-mediated anti-inflammatory activity in four
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Fig. 5. Comparison of angiostatic mechanism of action among the angiostatic agents being
tested clinically. Three different anti-vascular endothelial growth factor (VEGF) therapies target
either VEGF directly (pegaptanib sodium [26,27]7 and ranibizumab [28]), or the VEGF signaling
pathway (ruboxistaurin [29]). In contrast, anecortave acetate inhibits neovascularization down-
stream of the initial signaling event, independent of the inciting cause, by suppressing the angio-
genic proteolytic cascade and by inhibiting vascular endothelial cell proliferation.



inflammation models, including an in vitro model of LPS-induced inflammation (6),
LPS-induced uveitis in rats and rabbits, and carrageenan-induced footpad edema in
rats. In addition, these agents did not have the propensity to raise IOP, and did not
cause the development of cataracts, which are typical glucocorticoid activities. These
last two preclinical observations have been confirmed by the safety results from clinical
studies in exudative AMD patients.

Posterior Juxtascleral Administration of Anecortave Acetate

The development of a safe and clinically practical method for delivery of the
active metabolite of anecortave acetate, anecortave desacetate, to the retina and
choroid was based initially on the assessment of various routes of administration in
animals. The oral route was found to be impractical due to rapid systemic metabo-
lism in rats (and later confirmed in humans). Topical ocular drops and subconjunctival
injections provided effective concentrations in anterior tissues of the rabbit (iris-ciliary
body Cmax of approx 0.3 μM), but concentrations in the posterior retina and choroid
were subtherapeutic. Intravitreal injections in rabbits and monkeys were found to
provide substantial and prolonged levels in the vitreous, retina, and choroid.
However, delivery by intravitreal administration was not pursued in the development
of RETAANE® 15 mg suspension due to concerns about potential serious complica-
tions associated with intravitreal injections, such as endophthalmitis and retinal
detachment.

Effective concentrations of anecortave desacetate were generally attained in rabbit
retina and choroid using sub-Tenon’s injections with a narrow-gauge needle, similar to
the technique described by Smith and Nozik for periocular corticosteroid injections
(21). Because of the low solubility of anecortave acetate, this slow-release depot delivered
drug for months. However, subsequent studies demonstrated that in order to provide
appropriate concentrations at the target tissues the suspension depot must be in direct
contact with the sclera (juxtascleral) and positioned over the macula, and that needle
injections were unreliable in this placement. The literature indicates that periocular
needle injections are similarly inaccurate in the clinic (22).

Therefore, to maximize delivery to the retina and choroid, a method for delivery of
the drug to the outer surface of the sclera, over the macula, was devised. This included
a new proprietary curved cannula (Fig. 6), which was designed for administration of a
slow-release posterior juxtascleral depot of anecortave acetate. The curvature of this
cannula matched the radius of the human globe. A 56-degree bend was incorporated
16 mm from the tip to ease insertion through a small incision through conjunctiva and
Tenon’s capsule. When the incision is positioned 8 mm posterior to the limbus, the
bend also provided control of depth of insertion, thereby properly positioning the
rounded tip relative to the macula and optic nerve. Studies in rabbits and monkeys have
demonstrated consistent distribution of anecortave desacetate to the retina and choroid
when administered by the posterior juxtascleral cannula technique. In addition, data
from monkeys have shown that a single posterior juxtascleral administration delivers
concentrations of the active anecortave desacetate above the therapeutic target (approx
0.1 μMμμ ) to the retina under the dose site for about 6 mo and that the levels in the choroidMM
were about 10-fold higher.
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THERAPEUTICS

Clinical Trials of Anecortave Acetate for Exudative AMD

Three double-masked randomized clinical studies (Clinical Study C-98-03, C-00-07,
and C-01-99) to assess the safety and efficacy of anecortave acetate have been com-
pleted. Transscleral drug delivery with a posterior juxtascleral depot (PJD) administration
of anecortave acetate was used to place a depot of drug onto the bare sclera in the
region of the macula, for treatment of patients with subfoveal exudative (wet) AMD,
once every 6 mo (Fig. 7).

In Clinical Study C-98-03, treatments were administered as single-agent therapy,
while in Clinical Study C-00-07 the treatments were administered approx 7 d postphoto-
dynamic therapy with Visudyne® PDT. Both masked, randomized studies employed a
placebo control, were conducted as dose-response studies, and are comparable in patient
demographics, baseline logarithm of the minimum angle of resolution (logMAR) visual
acuity, and lesion location.

The small 6-mo Phase II study (C-00-07) evaluating the safety and efficacy of
anecortave acetate 15 or 30 mg vs placebo following initial treatment with
Visudyne® PDT was completed in 2002. Data from this study show that anecortave
acetate can be safely administered with photodynamic therapy. Results from this
study suggest a trend (not statistically significant) at month 6 favoring both anecortave
acetate concentrations tested (15 mg and 30 mg) combined with Visudyne PDT over
Visudyne® PDT alone (plus placebo) for both preservation of vision and inhibition of
lesion growth.
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Fig. 6. Specially designed cannula for posterior juxtascleral administration. The proprietary can-
nula was designed so that the curvature matched the radius of the human globe. A 56-degree bend
was incorporated 16 mm from the tip to facilitate insertion through a small incision 8 mm from the
limbus through the conjunctiva and Tenon’s capsule. See color version on companion CD.



Phase II/III 24-Mo Clinical Study (C-98-03)

One hundred twenty-eight patients with minimally classic or predominantly classic sub-
foveal CNV lesions secondary to AMD were enrolled and randomized 1:1:1:1 to anecor-
tave acetate (3, 15, or 30 mg) versus placebo. Mean change from baseline for best-corrected
logMAR visual acuity was the primary efficacy variable. Patients received a posterior jux-
tascleral depot of study medication or placebo every 6 mo if the masked investigator
thought the CNV lesion would benefit from treatment. Follow-up examinations included
detailed ophthalmic examinations (best-corrected logMAR visual acuity evaluation, query
of patient as to double vision, external examination of the eye(s), routine screening for
changes in extraocular motility and/or restriction of gaze, pupil responsiveness, slit-lamp
examination of anterior segment lens, dilated fundus examination, and IOP measurement).

Results from this safety and efficacy trial, Clinical Study C-98-03, demonstrate that 15
mg anecortave acetate for depot suspension administered as a posterior juxtascleral depot is
effective as primary therapy for the treatment of wet AMD in patients with subfoveal CNV
(23,24). This efficacy was demonstrated by measures of both visual function and lesion
growth. The analyses of the month 24 results support the month 12 clinical outcomes. The
collective results from these evaluations support the overall efficacy conclusion that 15 mg
anecortave acetate is superior to placebo for preservation of visual acuity. At both months
12 and 24, anecortave acetate 15 mg suspension was statistically superior (p(( < 0.05) to
placebo treatment for stabilization of vision (<3 logMAR line change in visual acuity from
baseline) in the overall analysis of all eyes treated in the study. Patients in the placebo group
showed a mean decrease from baseline logMAR vision of more than 3 lines at months 12
and 24, whereas patients in the anecortave acetate 15 mg group showed a mean decrease of
about 1.5 logMAR lines, a difference that is statistically significant (p(( < 0.05).

The timepoint for primary inference in this study was month 12. The percentage of
patients who maintained vision (loss of <3 logMAR lines) at month 12 was statistically
significantly greater in the anecortave acetate 15 mg group than in the placebo group
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Fig. 7. Posterior juxtascleral administration of 15 mg Retaane depot. The new cannula,
designed for administration of a slow-release posterior juxtascleral depot of anecortave acetate, is
used to deliver the drug in therapeutic concentrations to the choroid and retina once every 6 mo.
See color version on companion CD.



(79 vs 53%, p = 0.032). Month 24 results confirm the longer-term benefit of the anecor-
tave acetate 15 mg group relative to placebo where the percentage of patients who
maintained vision at month 24 is greater in the 15 mg group (73 vs. 47%, p < 0.05)
relative to placebo (Table 3).

The mechanism of action for anecortave acetate has been shown to be independent of
the angiogenic stimulus and to inhibit proliferation, migration, and thus formation of new
blood vessels in the eye (see Preclinical section). Therefore, it is reasonable to expect that
this inhibition will occur whether the lesion is minimally classic or predominantly classic.
Indeed, when a subgroup analysis was done for predominantly classic lesions, the most
aggressive type of lesions, and the ones frequently responsible for sudden, severe vision
loss, anecortave acetate was also effective in this patient population. In this patient group,
the 15-mg dose continued to demonstrate superiority over placebo at 24 mo, for both the
percentage of patients who maintain vision (80 vs 42%, p < 0.05) and for mean change
from baseline in logMAR visual acuity. Patients in the placebo group showed a mean
decrease from baseline logMAR vision of about 3.5 lines at month 24, whereas patients in
the anecortave acetate 15 mg group showed a mean decrease of about 1.0 logMAR line, a
difference of 2.5 logMAR lines which is also statistically significant (p(( ≤ 0.05).

In this study, anecortave acetate 15 mg inhibited all aspects of lesion growth, includ-
ing growth of the total lesion, total CNV, and the classic neovascular component of the
lesion compared to placebo. By month 24, the advantage of the anecortave acetate 15 mg
group over the placebo group was statistically significant (p(( ≤ 0.05) for minimally classic
and predominantly classic lesions (Fig. 8).

Phase III Clinical Study C-01-99

The third study, C-01-99, was designed to demonstrate the statistical noninferiority
of anecortave acetate 15 mg to PDT with verteporfin in patients eligible for treatment
with PDT. Although a brief summary of the results will be reported here, the results
from this study are being published elsewhere (Slakter et al., in press).
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Table 3
Clinical Outcomes in Anecortave Acetate Monotherapy Study (C-98-03)
12 Mo and 24 Mo for All Patients

12-mo Results 24-mo Results

Retaane Retaane
Clinical outcomes 15 mg depot placebo p value 15 mg depot placebo p value

Mean change in VA 
(lines of vision lost) 1.5 3.0 0.013 1.5 3.0 0.033

% of patients with stable 
or improved VA 79 53 0.032 73 47 0.035

% of patients with severe
vision loss 3 23 0.022 6 23 0.073

% Change in total
lesion size 172 242 0.432 178 440 0.004

VA, logMAR visual acuity. Stable vision: <3 logMAR line change in VA from baseline. Severe vision
loss: 6 or more logMAR line change in VA from baseline.



Five hundred thirty AMD patients with predominantly classic subfoveal CNV were
enrolled in this prospective, double-masked, active controlled, randomized study
designed to evaluate the efficacy and safety of anecortave acetate 15 mg vs PDT.

The 12-mo results from this study show that the percentages of patients with less
than a three-line loss of VA were 44.9% and 48.6%, for the anecortave acetate 15 mg
and PDT treatment groups (p(( = 0.4305), respectively, and the difference was not statis-
tically significant.

Reflux of study drug during or immediately after depot administration and the dosing
interval between depot administrations were identified as two controllable factors that
made a difference in the efficacy observed among patients treated with anecortave
acetate 15 mg. Differences in maintenance of visual acuity were evident for patients
that had no reflux of study drug (50% vs 45%) and for patients who were treated within
the 6-mo treatment window (50% vs 33%). When reflux was controlled and the dosing
window was within 6 mo, the responder rate for anecortave acetate 15 mg was 57% vs
49% for PDT (p(( = 0.1932).

A counter pressure device (CPD) was developed to eliminate reflux, and is presently
being used in all ongoing and future studies. All physicians administering the drug in
clinical trials with anecortave acetate have been trained in the proper method for per-
forming the posterior juxtascleral depot procedure using the CPD. The importance of
eliminating reflux and retreatment at or shortly before 6 mo is being re-emphasized in
the ongoing clinical trials. See Table 4 for a clinical summary of anecortave acetate.

Anecortave Acetate 351

Fig. 8. Inhibition of choroidal neovascularization lesion growth by Retaane® 15 mg suspen-
sion. The advantage of the anecortave acetate 15 mg group over the placebo group for inhibition
of total lesion growth was statistically significant (p(( ≥ 0.05) in the overall analysis, as well as for
patients with a predominantly classic lesion. See color version on companion CD.



Safety

To date, the collective safety results from these completed studies as well as ongoing
studies indicate that anecortave acetate administered as a posterior juxtascleral depot is
safe and well-tolerated. There have been no serious treatment-related adverse events
reported in these studies. The majority of adverse events reported have not been related
to therapy and occurred in incidences similar to placebo. The events assessed as treat-
ment related are commonly reported following conjunctival and/or periocular/
sub-Tenon’s injections; and the safety data continue to support the safety of the posterior
juxtascleral depot administration procedure (23,24).

Ongoing Studies
Exudative (Wet) AMD

Currently there are four ongoing clinical efficacy and safety studies to evaluate
anecortave acetate 15 mg suspension for treatment of subfoveal CNV in patients with
wet AMD.

Two additional Phase III studies that compare anecortave acetate 15 mg to placebo,
following juxtascleral administration at 6-mo intervals, in patients with all lesion types
have completed enrollment.

Interval Dose Evaluation of Anecortave Acetate Study

The Interval Dose Evaluation of Anecortave Acetate (IDEAA) study (C-04-59) is
currently enrolling patients. This 2 yr study will evaluate the dose concentration and
administration frequency of anecortave acetate when administered by posterior juxtas-
cleral depot every 3 mo (anecortave acetate 15 mg) or 6 mo (anecortave acetate 15 mg,
anecortave acetate 30 mg). Patients eligible for this study will be 50 yr of age or older
and have a clinical diagnosis of exudative AMD and a primary or recurrent (after laser
photocoagulation) subfoveal CNV lesion (predominantly classic, minimally classic, or
occult with evidence of progression).

An open-label rollover phase II study, designed to allow continued treatment of patients
exited from Clinical Study C-98-03 (at its conclusion) with anecortave acetate 15 mg, is
ongoing. Patients rolled from that study into this 24-mo study will receive posterior
juxtascleral depot administrations of anecortave acetate 15 mg at 6-mo intervals.
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Table 4
Clinical Summary of Anecortave Acetate

• Efficacious in all forms of wet age-related macular degeneration
– Minimally classic
– Predominantly classic

• Superior to placebo for
– Reducing loss of vision from baseline 
– Avoiding severe vision loss (≥6 lines)
– Inhibiting growth of choroidal neovascularization lesions (2 mm2) 

• Transscleral delivery in a posterior juxtascleral depot is safe and provides prolonged delivery
of anecortave acetate to the choroid and retina for up to 6 mo after single administration

• No treatment-related serious adverse events



As of July 2005 more than 2400 depot administrations of anecortave acetate (30, 15,
or 3 mg) or placebo have been given at 6-mo intervals as part of ongoing or completed
clinical trials. There have been no perforations of the globe, no evidence of optic nerve
damage, and no evidence of damage to the posterior ciliary arteries.

Non-Exudative (Dry) AMD
ANECORTAVE ACETATE RISK REDUCTION TRIAL (AART)

Anecortave acetate shows clinical efficacy in the treatment of subfoveal CNV in patients
with wet AMD. In view of the positive safety profile and demonstrated clinical efficacy of
anecortave acetate administered as a posterior juxtascleral depot every 6 mo, Alcon
Research, Ltd. is conducting a 2500 patient clinical trial for an unmet medical need, a new
indication with no approved treatment options. This indication is for the treatment of eyes
with dry AMD (i.e., intermediate or large soft/confluent drusen and focal hyperpigmenta-
tion and no CNV or geographic atrophy) that are at risk for progression to CNV.

Transscleral Drug Delivery Device (Implant)

Alcon Research, Ltd. is developing a method for the long-term delivery of drugs
to the retina. The device that is in development is a curved silicone holder with a
cavity that holds the drug at the proximal end. It can be implanted juxtasclerally, in
the sub-Tenon’s space for the treatment of retinal diseases such as age-related
macular degeneration (25).
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INTRODUCTION

Normal control of retinal angiogenesis, the formation of new blood vessels in either
the retinal or choroidal beds from preexisting vasculature, is essential for vision.
Conversely, pathological neovascularization (NV) of retinal and choroidal vessels is a
key process leading to vision loss in several prevalent ocular diseases, including
retinopathy of prematurity (ROP), proliferative diabetic retinopathy (PDR), and age-
related macular degeneration (AMD). PDR and AMD are the leading causes of blind-
ness in developed countries, and ROP is the leading cause of infant blindness. Proper
regulation of retinal vascularization is thought to depend on an equilibrium between
ocular vascular growth factors, primarily vascular endothelial growth factor (VEGF)
(1), and natural inhibitors of angiogenesis, primarily pigment epithelium-derived factor
(PEDF) (2). When this balance becomes disturbed—as may happen, for example, during
and after the hyperoxic treatment of premature infants—pathological angiogenesis
often occurs that ultimately leads to vision loss.

NEOVASCULAR RETINAL DISEASES AS TARGETS FOR GENE THERAPY

AMD, Associated Choroidal Neovascularization, and Need for New Therapies

The late forms of AMD are the primary cause of irreversible legal blindness on the
three developed continents (3,4). Late clinical hallmarks include choroidal neovascu-
larization (CNV) accompanied by progressive retinal degeneration. This is typically
preceded by abnormalities of the underlying retinal pigment epithelium (RPE) and
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choroidal vasculature. An early clinical sign is the accumulation of lipoproteinaceous
deposits (drusen) in the RPE/choroid extracellular matrix. Although a relatively com-
mon age-related phenomenon, drusen deposition is a significant risk factor in exudative
AMD due to CNV. An impediment to developing effective AMD therapies has been the
lack of good animal models for AMD. Although many individual clinical facets of AMD
are mimicked in one or more experimental rodent models, including high-fat diets and
phototoxicity (5,6)6 , aging studies (7,8), and candidate AMD gene manipulations (9–12),
none fully replicates drusen or spontaneous CNV, both key vascular and RPE features of
human AMD (13,14). The use of moderate energy laser burns in Bruch’s membranes to
stimulate CNV in various species (15) has become the model of choice for validating
CNV therapies. Recently several genetic models in mice have been reported to exhibit
accumulation of drusen-like deposits followed by late retinal/choroidal NV (13). These
models appear to be the first to recapitulate the key age-related hallmarks of AMD, and
they involve eliminating either functional gene for the macrophage chemotactic receptor/
ligand pair CCR2 or CCL2. These mice may provide a second animal target for validating
gene therapy approaches to AMD.

Because prevention of CNV is one central focus of retinal gene therapy, an under-
standing of its anatomy and natural history in AMD are important. A typical CNV vas-
cular membrane typically has a plexus of incompletely formed blood vessels that leak
serum components. Such local vascular defects allow angiographic detection of CNV
foci after intravenous fluorescein. Based primarily on the timing and appearance of the
fluorescence angiography, CNV is divided into two types, classic or occult. In the clas-
sic form, regions around CNV membranes hyperfluoresce quickly and continue to leak
over larger areas with time, often with increased intensity. In occult CNV, hyperfluores-
cence is usually slower to appear and more punctuate, owing to leakage into regions of
irregularly detached RPE. The progression of initially diagnosed CNV to measurable
vision loss is disappointingly common. Laser photocoagulation, the most common cur-
rent option for extrafoveal and juxtafoveal CNV, is of some value; however, because
most CNV is occult, nearly 90% of patients with newly diagnosed AMD are not suit-
able for laser treatment (16,17)7 . Photodynamic therapy (PDT) is also partially effective
and is gaining in acceptance. However, PDT is intended primarily for classic CNV and
its effects are transient, with most patients requiring repeated sessions over the long
term (18). Importantly, many patients do not experience visual improvement after PDT.
It is now becoming clear that effective AMD treatment will require long-term manage-
ment of classic and occult CNV and that no current therapy satisfies this criterion very
well. The central aim of gene therapy approaches, therefore, is to develop a safe, mini-
mally invasive, and long-term therapy for CNV.

Diabetic Retinopathy and Need for New Therapies

In developed countries diabetic retinopathy is the primary reason for severe visual loss
in patients under the age of 60 (19). Retinal NV, the hallmark of PDR, can progress to
retinal detachment and eventually to blindness. Accompanying retinal vascular perme-
ability is also common in these patients, and, if in or near the macula, leads to diabetic
macular edema (DME), the most prevalent cause of moderate vision loss in diabetics.
PDR and DME are the two major ocular complications in diabetics that require treatment.
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Panretinal laser photocoagulation can significantly decrease severe vision loss due to
PDR; however, in addition to injuring peripheral retina, this treatment often also exac-
erbates DME and occasionally causes constriction of visual fields (16,17,20,21).
Because a clear view of the retina is needed to effectively deliver laser photocoagula-
tion and diabetic patients often present with vitreous hemorrhage or cataract obscuring
a clear view, laser treatment is often delayed and/or coupled with additional surgery.
For patients with DME, focal laser photocoagulation slows the rate of vision loss but,
as with focal laser treatment for AMD, multiple treatments are required and substantial
visual loss may still occur. Therefore, for both PDR and DME, new, more permanent
treatments are clearly needed.

Retinopathy of Prematurity

Retinopathy of prematurity is the leading cause of blindness in children in developed
countries (22,23). ROP is a proliferative ischemia-induced retinopathy that occurs primarily
in low-birth-weight preterm infants owing to the required high oxygen support. Many
mechanistic aspects of ROP are also found in the more prevalent NV ocular diseases,
including AMD and diabetic retinopathy. The initial phase of ROP is induced by oxygen
therapy after premature birth and leads to retarded growth of the retinal vasculature
(phase I). The resulting insufficient perfusion of the developing retina creates a hypoxic
environment, leading to induction of proangiogenic factors that stimulate subsequent
abnormal retinal vessel proliferation (phase II). The process of retinal neovascularization
in ROP and in animal models of oxygen-induced retinopathy (OIR) is complex, and
involves proangiogenic factors, such as VEGF, as well as basement membrane compo-
nents. Potential medical therapies for ROP, including modulators of angiogenic factors,
inhibitors of basement membrane changes, endogenous inhibitors of VEGF such as
PEDF, and antiinflammatory drugs, have shown efficacy against neovascularization in
several animal models but are not yet in general clinical practice. The OIR mouse model
(see below) most closely mimics the pathology, and very likely the mechanism, of ROP.

Candidate Antineovascular Factors

Although several proangiogenic agents have been suggested to play key roles in the
induction and maintenance of retinal NV, multiple lines of evidence indicate that VEGF
plays the central role (24). In fact, despite the likely participation by other proangio-
genic factors, expression of VEGF is both necessary (25) and sufficient for retinal NV
to occur (26,27)7 . Increased expression of VEGF occurs early in diabetic retinopathy
(28,29) and has been implicated in increased retinal vascular permeability (30,31). In
fact, sustained intravitreous release of VEGF in monkeys has been shown to cause
macular edema (31). Thus, VEGF is an important, and perhaps key, stimulatory factor
for both PDR and DME, and its therapeutic inhibition is central to most anti-NV gene
therapies. It has been postulated that the proangiogenic effects of VEGF are modulated
by endogenous inhibitors of angiogenesis (29,32). With regard to ocular NV, this
hypothesis has been supported by studies in which increased ocular levels of PEDF
(33–36)6 , endostatin (37)7 , or angiostatin (38,39) have been demonstrated to inhibit vari-
ous types of ocular neovascularization. As PEDF and endostatin are normally present
in the eye and both angiostatin and endostatin can induce ocular PEDF expression
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(Hauswirth and Raisler, unpublished), it is reasonable to expect that increasing their
concentration in the eye may be a nontoxic way to treat AMD and PDR.

ADENO-ASSOCIATED VIRUS VECTORS

General Properties

In large part because it is nonpathogenic and causes persistent infections, adeno-
associated virus (AAV) has been developed as a vector for gene therapy (40). The
generic AAV-based vector has had its two normal genes removed; in their place the
passenger gene and regulatory sequences are inserted, bounded on both ends by AAV
inverted terminal repeats (ITRs). Since all the AAV coding sequences are missing, there
is minimal response by the host except to the virion itself. As a consequence there has
been little evidence of immune-modulated inflammatory responses to AAV vectors,
albeit the transgene-encoded product itself may engender an immune reaction. Vector
production requires the vector construct, the AAV coding sequences for the Rep and
structural capsid proteins in a separate construct lacking the ITRs, and the adenovirus
genes required for AAV replication (E1, 2, and 4). Administered AAV vectors exist pri-
marily in an extrachromosomal state. After prolonged periods of time (months in mice)
there is evidence of rare integration into the host genome (41), but the integration is at
random sites (41,42). Expression with constitutive promoters has been long-lived, over
1 yr in many cases, with remarkably little evidence of toxicity. One advantage of AAV
vectors is that they can transduce nondividing cells, making them particularly well
suited for the retina. A limitation of AAV vectors is that the upper limit of inserted
transgene size is only 4.7 kb; however, Duan and collaborators (43) have demonstrated
that coadministration of several AAV vectors encoding different parts of a large protein
can lead to synthesis of the intact protein by homologous recombination.

Treatment of Nonneovascular Retinal Diseases Using AAV Vectors 

Progress toward safe and effective retinal gene therapies has focused largely on AAV
vectors, although more limited data have been reported for adenovirus (44,45),
lentivirus (46)6 , or “gutted” adenovirus (47)7 vectors as well. In the longest-term rodent
study to date, AAV-delivered ribozymes designed against P23H rod opsin gene (48), a
common cause of human autosomal dominant RP, preserved photoreceptors for at least
8 mo in a transgenic rat model of P23H opsin RP (49,50).

There have also been promising results using virally vectored gene replacement for
recessive retinal disease in animals. A 4-bp deletion in the RPE65 gene leads to a stop
codon in a strain of homozygous Swedish Briard dogs (RPE65–/–) and results in the
absence of a functional RPE65 protein. This effectively disrupts the visual cycle and
causes an autosomal recessive retinal degeneration very similar to Leber congenital
amaurosis (LCA) in humans. Before treatment, all RPE65–/– dogs had severe visual
deficits, including very-low-amplitude electroretinography (ERG) responses to light
stimuli and large lipid-like inclusions in their RPE. Subretinally injected AAV2 vector
carrying wild-type canine RPE65 (AAV2-CBA-cRPE65) stably restored visual func-
tion in this large-animal model of childhood blindness, as assessed by ERG analysis,
immunohistochemistry, and behavioral testing (51). Function was preserved for at least
3 yr after a single treatment (52). An AAV-delivered rds-peripherin gene regulated by a
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rod opsin promoter was found to partially rescue photoreceptor structure in the rds
mouse for up to 6 wk (53), although ERG function was not proportionately restored
and rescue depended on early treatment (54). Recessive mutations in the MERTK gene
cause an RP-like phenotype in the RCS rat that responded well to Ad-MERTK gene
replacement (55).

Several neurotrophin gene therapies have also shown promise in rodent RP models.
Human CNTF (ciliary neurotrophic factor) cDNA in AAV vectors rescues rods in the
P23H opsin transgenic rat (56)6 ; opsin knockout mouse (57)7 , and the P216L rds/peripherin
transgenic mouse (58), however, distinct rod toxicity was reported in all cases. In con-
trast, results with AAV-GDNF (glial cell line-derived neurotrophic factor) demonstrated
rod preservation and no apparent toxicity in the S334ter opsin transgenic rat (59). In
summary, AAV is presently the best-documented retinal vector in terms of efficiency of
cell-specific gene delivery, level of passenger gene expression, persistence of expres-
sion, and lack of toxicity. It also has the best current record at delaying retinal degener-
ations and/or restoring retinal function in animal models of dominant and recessive RP.
These vector properties bode well for developing gene-based therapies for AMD, PDR,
and ROP. 

GENE THERAPY STRATEGIES FOR TREATING 
NEOVASCULAR OCULAR DISEASE

Animal Models of Neovascular Retinopathies

In order to effectively study the potential of any antiangiogenic treatment, it is nec-
essary to have appropriate animal models. In the case of diabetic retinopathy, the neo-
vascular insult arises from the inner retinal vascular bed, sometimes also referred to as
preretinal neovascularization. The most commonly used animal model for this condi-
tion is the oxygen-induced retinopathy (OIR) mouse model as described by Smith et al.
(60). This model can also serve as a surrogate for ROP, as it encompasses many of the
stimuli and pathophysiological hallmarks of neonatal ischemic retinopathy. For the
CNV seen in exudative AMD, the most prevalent animal model employs laser burns in
Bruch’s membrane to induce CNV in an adult mouse (61).

The OIR mouse model involves exposing neonatal mice to elevated levels of oxygen
(~75%) for a period of 5 d. This leads to a pattern of central retinal vasoobliteration.
Upon the return to room air, the neonatal mouse pups experience a relative retinal
hypoxia, resulting in an ischemia-driven retinal neovascularization that is maximal at
postnatal day 17. This neovascular response can be visualized by fluorescein angiogra-
phy and is quantified by enumerating the endothelial cell nuclei internal to the inner
limiting membrane of the retina in histological thin sections. The neovascular response
in this model is relatively short-lived, however, and the new vessels that form in
response to retinal ischemia cease to proliferate and then regress spontaneously by
postnatal day 21 (60).

Although a fully accurate model of exudative AMD has yet to be developed, the
current model of choice for studying CNV consists of laser-induced ruptures of
Bruch’s membrane in the mouse (62). Three or four 100-μm burns are introduced into
Bruch’s membrane at one to two disk diameters from the optic nerve. The subsequent
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focal rupture of membrane integrity at each burn allows local proliferation choroidal
vessels into the subretinal space within 2 to 4 wk. The extent of the CNV response can
be quantified through fluorescein angiographic imaging of choroidal whole mounts
(34). Recently a mouse model of AMD has been developed that implicates macrophage
dysfunction in AMD pathogenesis (13). These knockout mice are deficient in either
monocyte chemoattractant protein-1 (Ccl-2; also known as MCP-1) or its cognate
receptor (Ccr-2). At senescence, these mice spontaneously form lipoproteinaceous
drusen and share other pathophysiological markers with AMD, including the eventual
development of CNV. This is a potentially significant development, as it heralds the
first animal model exhibiting drusen deposition followed by development of CNV, very
similar to that observed in AMD. A direct connection between human AMD and
macrophage disfunction, however, has yet to be made. 

VEGF and Hypoxia Signaling Pathway as Targets for Gene Therapy

VEGF appears to be the major proangiogenic factor in the retina and is induced
through a hypoxia-signaling pathway. VEGF is a 46-kDa glycopeptide that is active in
a homodimeric state and is expressed in several cell types within the eye, including
vascular endothelial cells, pericytes, ganglion cells, and pigmented epithelium
(25,42,63–65). Expression of VEGF is upregulated in low oxygen conditions and its
levels are increased in animal models of retinal neovascularization (42,65) and in
human patients with ROP (66)6 , PDR (67–69), and CNV (70).

There is evidence to suggest that VEGF may be involved in the development and
maintenance of CNV. VEGF is present at elevated levels in fibroblastic cells and RPE
cells of surgically removed choroidal neovascular membranes (70–73). Also, in both rat
and monkey models of laser-induced CNV, increases in VEGF mRNA are seen in RPE-
like cells, choroidal vascular endothelial cells, and fibroblast-like cells in the lesions
(74,75). Intravitreal injection of an antibody fragment against VEGF reduced CNV in a
primate model (76)6 , indicating some role for VEGF in the development or persistence of
CNV. However, increased expression of VEGF in photoreceptors of mice did not result
in frank CNV in initial studies (27,77)7 . More recent work, though, has documented pro-
liferation of retinal vessels in the deep capillary bed when VEGF expression was under
the control of the strong rhodopsin promoter (26)6 , suggesting that high levels of VEGF
and/or the prior breakdown of Bruch’s membrane may be required for CNV. 

The process by which VEGF expression is increased in response to hypoxia has
been more completely elucidated in recent years. A cytosolic heme protein appears to
act as a sensor to detect decreased oxygen tension and to generate free radicals. This
process, in turn, activates various transcription factors, including hypoxia-inducible
factor (HIF-1) (78), which stimulate transcription of multiple proangiogenic genes,
including VEGF (79,80). This action of HIF-1 requires binding to hypoxia response
element (HRE) promoter regions (81) in VEGF and other proangiogenic factor genes,
suggesting that HIF-1 signaling plays a role in VEGF-mediated neovascularization in
response to local retinal ischemia. Thus VEGF acts as a major angiogenic stimulator
relatively early in the signaling cascade, is clearly involved in retinal NV, and may also
have a role in choroidal NV. Most new approaches to controlling retinal NV involve
attempts to modulate these VEGF induction pathways (see next section). 
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Another potential mechanism for interfering with VEGF-mediated NV is to block
VEGF from binding to its cognate receptors, VEGFR-1, a fms-like tyrosine kinase
receptor (Flt-1), and VEGFR-2, kinase insert domain-containing receptor (KDR).
Expression of a soluble fragment of the Flt-1 receptor (sFlt-1) might be a particularly
attractive approach to ameliorating VEGF-based NV because it is likely to inhibit
VEGF signaling at two levels. sFlt-1 binds to and sequesters VEGF and also binds
endogenous membrane spanning isoforms of Flt-1 and KDR, thus creating inactive hetero-
dimers (82,83). Other factors have also been used to inhibit VEGF in animal models,
including soluble chimeric proteins that bind to VEGFR-1 (25), inhibition of the
VEGFR-2 (KDR) receptor by novel synthetic amines and indoles (84–86)6 , anti-VEGF
monoclonal antibodies (87,88), and VEGF antisense oligonucleotides (89,90).

Current Non-Gene-Based Treatment Options for Neovascular Retinal Disease

Current treatment options for patients with ocular neovascularization do not include
antiangiogenic treatments. However, two approaches to inhibiting VEGF are being cur-
rently evaluated in clinical trials. EYE001 (Macugen), an anti-VEGF pegylated aptamer
for the treatment of CNV in wet AMD (91), operates by acting like an anti-VEGF anti-
body to sequester VEGF from binding to its receptor. RhuFab (Lucentis) is an engi-
neered antibody fragment directed against VEGF that was initially shown to be safe
and efficacious in a monkey model of CNV (76)6 . Recent studies in mice have examined
orally active drugs that inhibit the VEGF receptor kinase pathway and demonstrate sig-
nificant reduction in ocular neovascularization (92,93). However, such systemic inhibi-
tion of VEGF-mediated angiogenesis raises safety concerns that must be addressed
before this could be applied clinically. To avoid such concerns, local delivery of several
agents is being investigated. Intravitreal injection of soluble VEGF receptors and anti-
sense oligonucleotides for VEGF both reduce retinal NV in the OIR mouse model
(25,94). Work in nonhuman primates has shown a reduction in iris NV following intra-
vitreal injection of anti-VEGF antibody (88). Recently, intraocular injections of an anti-
VEGF antibody or an aptamer that binds VEGF have been tested for safety in phase II
clinical trials for treatment of cancer, and phase III trials both for cancer and control
of angiogenesis in AMD are under way (95). Preliminary reports suggest that injection
of the anti-VEGF antibody may induce a local inflammatory response, but it is not
considered a severe enough problem to discontinue these approaches (96)6 . Alternative
proteins with antiangiogenic activity such as PEDF have been identified (42,97)7 , and
intraocular injection alone or in combination with other factors could also be consid-
ered. All these treatments, however, share the potentially limiting disadvantage of
requiring repeated intraocular injection.

GENE-BASED THERAPIES FOR NEOVASCULAR RETINAL DISEASE

Vector and Vector Administration Properties

Gene-based therapy for the treatment of ocular neovascular disease offers advan-
tages over conventional methods. By using a vector with a strong selective promoter to
express the antiangiogenic protein or factor locally, expression can be limited to a 
specific cell type or subset of cell types within the retina. This reduces the safety con-
cerns compared with systemic administration of antiangiogenic agents. Delivery of the
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vector to discreet compartments within the eye by subretinal or intravitreal injection
may also allow additional topological control of expression by limiting vector access to
only those local vessels affected. Choice of the appropriate vector for delivery of the
therapeutic gene might also allow modulation of the duration of expression. For exam-
ple, adenoviral vectors support expression in the eye that is rapid in onset but lasts for
periods of only days to weeks (98). This short period of expression would, in theory,
limit its effectiveness for long-term treatment of recurring NV. However, a finite expres-
sion window also limits exposure of the retina to factors that might be damaging in the
long term. An alternative is to use a drug-regulated promoter in a vector such as AAV
that otherwise would lead to persistent expression. The idea would be to express the
therapeutic gene only when needed by systemic administration of the nontoxic inducer.
Two such systems have been tested in the retina using AAV vectors (99,100). In one the
tetracycline-inducible expression system demonstrated tight regulation of reporter gene
expression in photoreceptors and RPE cells in response to doxycycline levels in the
drinking water (100). The second, employing a rapamycin induction system, found
high levels of the passenger gene product, a secreted erythropoietin, after the drug con-
sumption that, upon withdrawal, decayed rapidly (99). The use of either in a neovascular
disease setting remains to be tested. 

For optimizing the safety of ocular gene therapy for NV diseases it may be impor-
tant to limit expression of a therapeutic protein even more specifically, to just a single
retinal cell type and/or to a more defined retinotopographic area. By altering the pro-
moter used to drive expression of an antiangiogenic factor it may be possible to fine-
tune therapeutic gene expression to a pharmacologically significant but highly localized
cellular pattern. The commonly used cytomegalovirus enhancer-promoter (CMV) and
the chimeric CMV enhancer-chicken beta-actin (CBA) promoters both drive vector
passenger gene expression in multiple retinal cell types. A more cell-specific promoter
could be employed to target expression selectively. Alternatively, delivering the vector
specifically to the intravitreal or subretinal space in a larger human eye may also serve
to define the localization of expression. Advanced stages of AMD are characterized by
a neovascularization of the chorocapillaris within or adjacent to the macula where treat-
ment might be most effective if the vector were administered subretinally near poten-
tially active CNV regions. This type of subretinal administration effectively limits the
lateral spread of vector-mediated expression (51), whereas vitreal administration may
allow less constrained vector diffusion leading to a wider, less controlled retinal area of
transduction. Full testing of these ideas will require more detailed studies in larger,
more human-sized animal models of NV such as the laser-induced CNV monkey. 

Several improvements in current AAV vectors are possible, and could be evaluated
in the context of ocular NV. Incorporation of vascular targeting signal into the viral
capsid at sites that still allow efficient vector assembly may increase the transduction
efficiency of endothelial cells (101). An alternative is to screen random peptide inser-
tions into the viral capsid for those that lead to enhanced vascular endothelial cell trans-
duction (102). Combined with the compartmentalization of the eye, this approach offers
the distinct advantage of being able to target viral vector delivery directly to the cell
type undergoing pathology. Clearly, such vector capsid modifications depend on our
knowledge of the appropriate epitopes to target. In this regard there is growing evidence
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that vessels involved in NV can be distinguished from normal preexisting vessels.
Endothelial precursor cell levels are increased by proangiogenic factors that promote
new capillary formation in the adult (103). This process can be differentiated from normal
prenatal vasculogenesis, in which cells known as hemangioblasts act as pluripotent
progenitors capable of forming both blood and blood vessels (104,105). While both
angiogenesis and vasculogenesis have a role in the formation and maintenance of the
vasculature, there are important differences. Vasculogenesis, primarily involved in
developmental vessel formation, takes place by the de novo assembly of vasculature
from hemangioblasts. In contrast, angiogenesis, involved both in developmental vessel
formation and later processes such as wound healing, forms new microvessels by migra-
tion and proliferation of endothelial cells from larger, extant vessels. Although the two
processes are distinct, evidence suggests that they may share certain regulatory mecha-
nisms. Lineage-specific markers might be used to distinguish existing vasculature from
pathologically forming angiogenic vessels, although a recent study suggests that a sub-
population of adult bone marrow stem cells may function as hemangioblasts (106),
potentially making such a distinction more difficult. Other candidate cell markers are
integrins αvβ3 and αvβ5, present on endothelial cells participating in angiogenesis but
absent on normal retinal endothelial cells (107,108). For a more complete review of
angiogenesis and vasculogenesis, including the cell types and markers involved and the
key regulatory players, interested readers should consult the review by Beck and
D’Amore (109). In summary, the possibility of distinguishing normal vessels from
those participating in pathological NV opens the door to reengineering vectors to
specifically target such hyperproliferative endothelial cells involved in NV while spar-
ing the normal vasculature.

AAV-Vectored Gene Therapy for Neovascular Retinal Disease

Two of the most potent general inhibitors of neovascularization are kringle domains 1
through 3 of angiostatin (K1K3) and PEDF. K1K3 is a proteolytic fragment of plas-
minogen (32) that retains potent angiostatic properties. It is an endogenous regulator of
vasculogenesis and, as a naturally occurring peptide, it is not likely to stimulate an
immunogenic response (110,111). Neither plasminogen nor plasmin inhibits endothelial
cell proliferation, nor does angiostatin affect coagulation. Although angiostatin is known
to inhibit tumor growth in vivo by increasing endothelial apoptosis and inhibiting tumor-
associated angiogenesis, its precise mechanism of action is unclear. Apoptosis in vitro is
induced in endothelial cells by multiple forms of angiostatin (112), and cells have been
shown to be arrested at the G2/M transition interface (113). Administration of angio-
statin to tumor-bearing mice has not resulted in detectable systemic cytotoxicity; only
angiogenic proliferation is inhibited (32,114,115). In the OIR mouse model, AAV medi-
ated-K1K3 treated eyes had 78% fewer endothelial cells above the inner limiting mem-
brane (ILM) compared with paired controls, indicating that K1K3 gene therapy can
effectively control retinal NV (38). Angiostatin therefore appears to be an effective and
nontoxic inhibitor of NV that is worth evaluating for potential clinical use in the treat-
ment of retinal NV. A recent study has indicated that kringle 5 of angiostatin induces
PEDF and inhibits VEGF both in cell culture and a rat model of ischemic retinopathy
(116)6 , thus suggesting a potential mechanism for the potency of angiostatin.
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PEDF, first purified from human retinal pigment epithelial cultures as a factor that
induces neuronal differentiation of cultured retinoblastoma cells (97,117)7 , has been
recently shown to regulate normal angiogenesis in the eye (2). PEDF is found both
intracellularly and extracellularly in the fetal and early adult eye but is lost at the onset
of senescence (118,119). It is downregulated by hypoxia and induced in the retina as a
result of hyperoxia; it is a very potent inhibitor of corneal NV and prevents endothelial
cell migration toward a wide variety of angiogenic inducers (2). PEDF therefore appears
to be a major natural antiangiogenic regulator of the retinal vasculature and is an excel-
lent candidate gene for therapy against ocular NV. As an intraocularly injected protein,
PEDF delays the loss of photoreceptors in the rd mouse (120), implying that it may
also possess neurotrophic activity in the retina and that the extracellular protein can
effectively disperse throughout the retina. In the OIR mouse model, AAV-mediated
PEDF-treated eyes had 74% fewer NV endothelial cells compared to paired control
eyes, indicating that vectored PEDF can effectively control retinal NV (38). Expression
of PEDF from either AAV (34) or adenovirus (33) vectors was also effective in reducing
CNV in rodent models. This anti-CNV strategy is currently in phase I clinical testing
using an adenovirus vector to deliver PEDF as a potential treatment for exudative AMD
(121). Interestingly, the effectiveness of the AAV–PEDF vector was independent of
whether it was administered to the vitreous or subretinal space (34), suggesting that
expression of naturally secreted angiostatic factors such as PEDF may be relatively
independent of the retinal cell type supporting expression.

Endostatin, a proteolytic fragment of collagen XVIII, is an endogenous inhibitor of
tumor angiogenesis (77)7 . It has been suggested that vectored expression of this agent
could be used to regulate pathological angiogenesis in human diseases such as cancer
and various retinopathies (77,122,123). Because it is a naturally occurring inhibitor of
angiogenesis, like PEDF, vectored expression should have minimal side effects.
Recently endostatin has been demonstrated to inhibit VEGF-induced retinal vascular
permeability, neovascularization, and retinal detachment when delivered intraocularly
(124). Endostatin has also been effective in reducing CNV when expressed from a sys-
temically administered adenoviral vector (37)7 . Another recent study examined the cor-
relation of VEGF and endostatin levels with the severity of diabetic retinopathy in
human patients. Concentrations of VEGF and endostatin in aqueous humor and vitre-
ous fluid were significantly correlated with the severity of disease. Specifically, the lev-
els of VEGF and endostatin were inversely correlated significantly between active and
quiescent NV disease (125), suggesting that increased ocular endostatin might be effec-
tive in controlling retinal as well as CNV. Consistent with this idea, AAV vectors carry-
ing cDNAs for either PEDF or endostatin reduced NV endothelial cell levels in the OIR
mouse (126)6 .

AAV vectors encoding the soluble VEGFR-1, sFlt-1, have also shown promise for
long-term inhibition of three types of ocular neovascularization (127,128). When
injected into the anterior chamber, these vectors resulted in expression in both the
corneal endothelium and iris pigment epithelium and reduced corneal NV by 36%
(128). Subretinal injection of similar vectors reduced choroidal NV subsequent to laser
lesions around the optic nerve (128) and in the OIR mouse (127)7 , suggesting that a 
secretable factor expressed in one or more transduced cell populations can be effective
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in the control of ocular NV occurring in distant retinal tissue. Similarly, secreted
exon 6 and 7 peptides of VEGF as cDNAs in AAV2 vectors reduced angiogenesis in
the OIR mouse (129,130).

CONCLUSIONS

Effective, long-lasting treatment of retinal neovascular disorders, including prolifer-
ative diabetic retinopathy, exudative AMD, and ROP, remain one of the greatest chal-
lenges in ophthalmology today. Advances in gene delivery to the posterior ocular
segment, particularly with AAV-based vectors, provide new approaches toward the
treatment of such debilitating retinal diseases. As these neovascular conditions all share
the pathophysiology of an overproliferating vasculature, a variety of antiangiogenic
factors are candidates for treatment by gene therapy.
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INTRODUCTION

This article reviews and summarizes recent promising findings (1–3) from our laborato-
ries showing that DNA, despite its large size and mass, can be transported through pores
in the sclera and delivered into the interior of the eye. We speculate that these approaches
may be modified to deliver large amounts of therapeutic DNAs into retinal pigment
epithelium (RPE) cells, neurosensory retinal cells, and many other cells in the eye.

We hypothesized that a continuum of connected pores exists in the sclera through
which naked DNA or submicroscopic particles can pass. This hypothesis was based on
the delivery of charged drugs into the cornea and skin by iontophoresis, and the deliv-
ery of lipophilic drugs into the anterior chamber by passive diffusion. We tested this
hypothesis by (1) electrophoretically but noninvasively forcing various forms of DNA
through preparations of human sclera from which Tenon’s capsule and the choroid-
RPE-retina had been removed, (2) passive diffusion of oligonucleotides across the same
preparation, (3) electrophoresis of dyes into an isolated intact mouse globe, forcing
dyes into the interior of the eye, and (4) electrophoresis of a plasmid, which expressed
a fluorescent protein in an eye of a living mouse.

Delivery Strategies to Posterior Segment

An important consideration in ocular gene therapy is the delivery of therapeutic
agents to specific tissues within the eye. We review here tests of whether the sclera is a
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barrier to efficient delivery of DNA to the posterior segment. Several approaches are
being considered, including ocular injection, systemic injection, surface applicants, and
electric fields to deliver genes to the eye. The DNA being delivered may be “naked,”
conjugated to transfection agents such as liposomal agents, or packaged in hobbled
viruses (for reviews, see refs. 4–6). Achieving adequate levels of therapeutic agents in
the posterior segment has been difficult by topical application (7–9). Intraocular admin-
istration via intravitreal injections or surgical implantation of intraocular sustained-
release devices are effective in achieving therapeutic drug levels, but due to their
invasive nature, these methods carry risk for significant complications. Ocular injec-
tions are routinely performed in the clinic in order to deliver a drug to a target tissue.
Such an injection may cause direct tissue damage by the needle and may result in infec-
tion or inflammatory responses. Repeated intravitreal injections are required for chronic
diseases and have the potential complications of retinal detachment, endophthalmitis,
vitreous hemorrhage, and cataract formation (10). Surgical implantation of intraocular
sustained-release devices, such as the Vitrasert ganciclovir implant used in the treat-
ment of cytomegalovirus, avoids repeated injections (11,12). However, periodic intra-
ocular surgery is required to insert and replace these implants. Surgical placement and
removal carries the risk of complications similar to those associated with intravitreal
injection (11,12). Systemic administration can deliver drugs to the posterior eye, but
the systemic levels necessary to penetrate the blood–retinal barrier are often associated
with dose-limiting side effects and toxicity (13). The dilution of the preparation through
systemic administration remains problematic. Systemic administration may require
viral (14,15) or pegylated liposomal (16)6 packaging of therapeutic DNA constructs for
ocular targeting and treatment. Delivering bioactive agents to the posterior segment
either across the sclera or via intrascleral injection may prevent many complications
associated with intraocular delivery as well as limit systemic toxicity.

DNA Delivery Strategies

Many techniques to deliver large DNA fragments (entire genes or cDNAs) have
been developed: DNA compaction, liposomes, viruses, hydrodynamic pressure,
biolistic delivery, and many other inventive delivery approaches have been successful
to some degree. Each approach has benefits and drawbacks. Various forms of viral
packaging are thought to have resulted in adverse reactions in humans, including
immune responses in the eye (17,18), leukemia-like symptoms (19,20), or death
(21,22). Adeno-associated virus (AAV)-mediated DNA delivery appears to have
fewer side effects (17)7 and has been used to rescue vision in some animal models of
blindness (23–27). However, AAV delivery may require direct ocular injection to
achieve efficacy (4). Further, the randomness of integration of the therapeutic DNA
inserts in the genome following recombinant AAV infection is of concern (28).
Topical application (eyedrops) of therapeutic DNA is noninvasive and can be given
repeatedly. It has been used to deliver virally packaged DNA in treatment of excimer
laser-induced corneal haze (29), but seems unlikely to be able to deliver DNA to pos-
terior segment targets. Retrobulbar or periocular injections may be a viable option
(30). Stechschulte and coworkers (31) injected a plasmid containing the flt-1 cDNA
into the stroma of the cornea, which expressed flt-1, a soluble VEGF receptor, and
achieved inhibition of VEGF-induced neovascularization. They concluded that
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(1) the cornea was a readily accessible target for gene therapy, and (2) naked DNA
injected into the corneal stroma was an effective method to deliver, transfect, and
express a gene in therapeutic doses.

Oligonucleotide-Based Therapies

Experimental strategies that use oligonucleotides are under active investigation as
potential treatments for human eye diseases. Some of these strategies include antisense
(32), genoplasty (33), RNAi (34), and ribozyme technologies (35).

Electric Fields Induce Electrotransfer

A completely different delivery modality is available for ocular gene therapy. This
approach takes advantage of the fact that DNA is highly charged at neutral pH and can
be driven through sieves such as agarose or even high concentrations of tightly
crosslinked polyacrylamide in electric fields. Tough but pliable tissues often possess an
architecture of spongy material having numerous pores throughout a matrix. These
pores may interconnect, forming sieve-like channels extending through the tissue.
Aqueous channels supported by such a structural framework are thought to explain
transcorneal and transdermal delivery of small charged compounds in several animal
models (36–45). These successes in cornea and skin suggest that electric fields should
drive DNA across the sclera, as the latter exhibits a similar porous morphology.

It is useful to distinguish among the terms electroporation, iontophoresis, and elec-
trophoresis as applied to DNA delivery. Electroporation employs a high field-strength,
short-duration pulse of electricity to reversibly create holes in the plasma membrane of
a cell. Once a pore is opened, by diffusion, nearby molecules may cross into the cell
through the transient pore. This technique is commonly used in the laboratory to intro-
duce DNAs into cultured eukaryotic cells, bacteria, tissue explants, and living animals.
It has been highly successful in the rat eye following subretinal injection of a plasmid
DNA (46)6 . Electroporation is not electrotransfer and does not cause significant bulk or
net movement of DNA, and the DNA must be positioned immediately adjacent to a cell
that is to be transfected.

Electroporation should be contrasted with two electrotransfer approaches that do
cause a substantial net and directional movement of DNA. These two methods are ion-
tophoresis and electrophoresis. Iontophoresis is the introduction into and replacement of
ions in tissues mediated by an electric field. Usually the bulk of the current is carried by
a charged drug itself as other ions such as those of buffers or physiological salts such as
NaCl would reduce the number of drug ions delivered. This is in contrast to electrophoresis,
in which several buffer constituents are used to maintain a discrete band of one analyte
(CF, a short DNA) migrating at a velocity different from another analyte (CF, a longer
DNA). A low-voltage, constant-current electric field (iontophoresis) is commonly used
clinically to drive charged molecules across tissue layers (notably the skin) (47)7 .
Previously, it was common practice in ophthalmology (48), and now is being reintro-
duced into the clinic (49,50). Electrophoresis is defined as the movement of charged
molecules under the influence of an electric field through a liquid medium in a porous
support (which can take on many forms, including agarose, polyacrylamide, paper, and
others). This approach is most often used in the laboratory as an analytical or preparative
bench science technique rather than a clinical delivery approach.
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Pores Through the Sclera

The corneal stroma and the sclera are similar in that their main constituents are
intermingled layers of bundled collagen fibers, with an occasional fibroblast. The
water content of the sclera in adults is 65 to 75%, apparently providing ample aqueous
volume for transscleral drug delivery and depot (51,52). These similarities suggest
that intra- or transscleral transit would be just as effective as intracorneal transit. The
scleral permeability of drugs is well-established (reviewed in refs. 53–57)7 . A continuum
of pores is thought to be the most likely route (49,58,59). The pores may be quite
large, as molecules such as IgGs and serum albumin can diffuse across the sclera (60).
Charge properties may affect the permeability (61). These studies establish that many
classes and sizes of agents can diffuse through sclera pores. Our experiments test the
hypothesis that (1) nucleic acids under the influence of an electric field should migrate
though these scleral pores, (2) the pores are large enough for plasmid-sized DNAs, (3)
the fibers making up the matrix do not irreversibly bind the nucleic acids or interfere
with flow of the DNA through the pores, and (4) nucleic acids may pass through the
same pores by passive diffusion.

Modeling DNA Mass Transfer Across the Sclera

Here we review the testing of two ocular DNA delivery schemes for potential use
in humans. We investigated whether nucleic acids in any of several forms and sizes
can be delivered across human sclera by a constant-voltage electric field (i.e., by
electrophoresis). Also, we report here new findings that show the migration of dyes
and oligonucleotides into an intact globe in vitro and in situ. These same dyes are
frequently used in DNA gel electrophoreses as indicators of DNA migration through
a given sieving medium.

EXPERIMENTS REVIEWED

In experiment 1, we began by asking whether we could transfer bulk amounts of
DNA across only the sclera, and we continued by asking whether the DNA was intact.
Experiments 1 and 2 were conducted with cadaveric human sclera to assure that the
same thickness and pore characteristics of sclera would be tested as those that might be
found in human patients. Conventional molecular biological equipment and methods
for analyzing DNA were adapted to test whether dyes or DNAs of various sizes could
be driven across human sclera. Experiment 3 employed an intact excised mouse eye,
and experiment 4 tested the delivery of a fluorescently tagged oligonucleotide into the
eye of a living mouse. Our results raise the prospect of treating the interior of the eye
with potentially therapeutic DNAs encoding proteins that could cure genetically inher-
ited diseases or treat other eye diseases for which no alternative treatments exist, includ-
ing glaucoma, macular degeneration, diabetic retinopathy, and cataracts. The central
hypothesis of these studies is that the sclera, despite its durability and strength, has
many microscopic to molecular-scale water-filled pores throughout it. The pores allow
the sclera to behave as a hydrophilic network of fibers like a regular meshwork. The
hypothesized scleral pores appear large enough for nucleic acids up to plasmid sizes to
pass through under the influence of an electric field. We expect a continuum of small
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scleral pores reaching from the outside surface to the choroid. Experiment 1 investi-
gated electrotransfer of dyes and DNAs through the hypothesized channels in the sclera.

Experimental Systems and Methods

In experiment 2 we model the behavior of the sclera in a modified Ussing chamber
that allows passive diffusion of drugs or DNA from an upper chamber into a lower
chamber. From the lower chamber, the contents are periodically collected and the con-
centration of the drug or DNA is measured. The permeability of the agent is calculated
according to a simple mass transfer equation (2) by calculating the permeability con-
stant, Ktrans (cm/s), using the following equation:

Ktrans = (Rtotal/(A(( × t)) × (1/D// )

where Rtotal is the total moles transferred through the sclera in time t (s), A represents
the surface area of the sclera (cm2), and D is the initial concentration of the solution in
the donor chamber (mol/mL).

The cadaveric sclera is a valid and important model, as (1) human tissue is the ulti-
mate long-term treatment target; (2) in many ways, except for the density and thickness
contributed by collagen fibers, there are relatively few fundamental differences in scle-
ral tissues ranging in age from embryonic to adult (62); (3) from a practical standpoint,
experiments 1 and 2 enable us to simply, easily, and rapidly test many experimental
variants and parameters with human tissue that might otherwise go to waste. The size
of the human scleral rectangles makes them easy to manipulate, speeding up the proto-
typing process. The more prototyping we do in experiments 1 and 2, the more impact is
obtained in developing electric fields as an effective therapeutic treatment.

In experiment 4, we modeled the live in situ eye with a simpler model (an intact but
excised eye), having several obvious stipulated differences: (1) In the apparatus, current
flow may pass only through the removed globe or along surface moisture and cannot
pass through the normally attached tissues such as the extraorbital muscles, optic
nerve, or capsular connecting tissues (which are removed during dissection). (2) The cur-
rent can no longer “short-circuit” through extraocular muscles, extraocular tissues, optic
nerve, and other tissues to the grounding electrode. (3) There is no perfusion through the
blood supply, and the cells of the eye are dying because of hypoxia in the experimental
apparatus. Despite these caveats, this experimental system provides a simple, fast, and
robust experimental apparatus to determine how to best drive DNA across an experimen-
tally manageable number of eye-specific discrete barriers in a simple approach to DNA
delivery to the RPE—in other words, as we become successful in passing DNA through
a single barrier, we subsequently add additional layers, one at a time.

RESULTS

Experiment 1: Electrophoresis of DNA Through Sclera

Figure 1 (from ref. 1) illustrates the experimental apparatus. Conventional molecular
biological equipment and methods for analyzing DNA were adapted to test whether DNAs
of various sizes could be driven across the sclera. Figures 2 and 3 show typical results from
the electrophoresis of dyes and DNAs of differing sizes through human sclera. (The movie
version of Fig. 2 can be viewed at http://www.molvis.org/molvis/v9/a69/davies-fig2.html.)
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Fig. 1. Transscleral electrophoresis (TSE) experimental apparatus. The arrangement and
assembly of human cadaveric scleral fragments in an agarose gel apparatus is shown in A through F.
(A) Mounting the scleral fragments on syringe needles before embedding in agarose. (B) Securing
the mounted scleral fragments during agarose gel solidification. (C) Removal of the syringe sup-
ports. (D) Side view of the embedded scleral fragments. Note the plastic boosts elevating the gel
comb. (E) Top view of the embedded scleral fragments. (F) Loaded DNA and dyes prior to elec-
trophoresis. (Reproduced with permission from ref. 1.) See color version on companion CD.

DNAs (ranging from ~50 bp to 12 kb long) passed through the sclera in the electric
field (Fig. 3). The DNAs were recovered after passage through the sclera nearly quan-
titatively. The mobility of the smaller double-stranded DNA fragments is largely unaf-
fected. In larger fragments, from about 400 bp and higher, mobility is reduced in
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Fig. 2. Electrophoresis of charged dyes through human sclera. Rectangular fragments of
human cadaveric sclera were mounted vertically in a horizontal gel electrophoresis chamber.
The tissue samples were oriented with the outside eye surface facing and closest to the gel
wells. Two percent agarose was poured into the gel chamber and allowed to solidify, which
embedded the sclera and formed wells. The agarose contained 1X TAE buffer (40 mMmm Tris-
acetate, 1 mMmm EDTA, pH 8.0). Bromophenol blue and xylene cyanol in 1X TAE buffer and 10%
glycerol were loaded into well positions 3, 6, 8, and 12. Two samples (lanes 6 and 8 from the
top down) were unimpeded by sclera, and two other wells (lanes 3 and 12) were completely
occluded by human scleral fragments. The samples were subjected to an electric field of 3.3 V/cm
for 114 min, and digital photographs were taken every 3 min during electrophoresis. The final
picture of the series is shown (A). The 39 pictures of the run are shown in sequence as a movie
(B). Lanes 6 and 8 show that bromophenol blue migrated roughly twice as quickly (about
4 cm/h) as xylene cyanol (about 2 cm/h) when unimpeded by sclera. Lanes 3 and 12 show that
bromophenol blue ran into the sclera first, but its passage was slowed or delayed in this encounter
while xylene cyanol met the sclera second. Xylene cyanol in lanes 3 and 12 appeared to pass
through the sclera relatively unimpeded except for some band spreading when compared to the
movement of xylene cyanol in control lanes 6 and 8 that lacked the scleral obstacle. After the
xylene cyanol passed through the sclera, bromophenol blue was observed slowly appearing in
agarose on the inner side of the scleral face. The movie (B) illustrates that the dyes were not
migrating around the sclera. Bromophenol blue was retained and slowly passed through human
sclera while a different dye, xylene cyanol, simultaneously passed through the same scleral frag-
ments with minor band spreading and nearly the same migration rate as xylene cyanol through
agarose alone. (Reproduced with permission from ref. 1.) See color version on companion CD.

proportion to the size of the DNA. Figure 2 illustrates that the DNAs were not migrating
around the sclera: Bromophenol blue was retained in the sclera and slowly passed
through, whereas xylene cyanol simultaneously passed through the same scleral frag-
ment with minor band spreading and nearly the same migration rate as xylene cyanol



through agarose. In other experiments (1) we demonstrated the passage of single-
stranded DNAs of 43 to 51 nucleotides in length, RNA–DNA double-hairpin oligo-
nucleotides, and a plasmid 3 kb in length. The essential point is that therapeutic-sized
DNAs passed through the human sclera quickly and near-quantitatively (Fig. 3).
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Fig. 3. Electrophoresis of linear double-stranded DNA fragments through the sclera. Typical
results from the electrophoresis of DNA of differing sizes through human sclera. DNA (ranging
from approx 50 bp to 12 kb long) passed through the sclera in the electric field. This experiment
was repeated five times; data shown are representative. Lane A shows a DNA ladder (1 kb lad-
der; Invitrogen, Carlsbad, CA) that passed through the sclera. Lane B shows the same DNA ladder
unimpeded by sclera. The lane A material that had passed through the sclera was retrieved in
three fractions labeled fractions A, B, and C, as illustrated by the dotted lines (the fraction A box
is in red to indicate the upper boundary of the excised gel, which was about 2 mm downstream
of the scleral fragment). The DNA from each agarose gel fragment was recovered and analyzed
on a second gel. Wells D, E, and F were loaded with DNA extracted from fractions A, B, and C,
respectively. The original DNA ladder is shown in lane C. There was no scleral tissue in fraction
A. Fraction A (lane D) shows that DNA as large as 12 kbp migrated through the sclera. The
mobility of the smaller double-stranded DNA fragments is largely unaffected. In larger frag-
ments, from about 400 bp and greater, mobility is reduced in proportion to the size of the DNA.
(Reproduced with permission from ref. 1.) See color version on companion CD.



Experiment 2: Permeability of Sclera to Oligonucleotides

Shuler et al. (2) conducted permeability studies of oligonucleotides traversing the
sclera by diffusional processes. In these experiments, sclera was clamped between two
Silgard rings in a two-chamber apparatus. DNA solution was placed in the upper cham-
ber and the fluid in the lower chamber was periodically collected and assayed for DNA
that had diffused through the sclera. The results indicate that there is a continuum of
pores allowing a small single-stranded DNA to pass through the sclera. The permeabil-
ity, albeit low, is clearly measurable and consistent with the Stoke’s radius of the DNA.
This suggests that the collagen fibers making up the sclera do not bind DNA or have
limited binding capacity. The diffusible nature suggests that the pores are large in com-
parison to the molecular radius of the oligonucleotide. Figure 4, from ref. (2), shows the
transscleral diffusion of the naked, single-stranded, fluorescein-labeled oligonucleotide
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Fig. 4. Transscleral diffusion of a fluorescently end-labeled oligonucleotide. An oligo-
nucleotide was end-labeled with fluorescein. The DNA was placed on the external surface of a
scleral fragment from which the conjunctiva, choroid, retinal pigment epithelium, and sensory
retina had been removed. Care was taken to avoid sclera having vortex veins or the posterior
pole. The DNA diffused through the sclera and was collected on the choroidal side of the sclera.
Samples were collected hourly for 24 h. Fluorescence measurements were used to determine the
amount of DNA in each fraction. This figure illustrates the oligonucleotide diffusion versus
time. A maximum was reached at about 5 h after initiating diffusion. The data suggest that the
DNA passively diffused a small but significant distance through a porous scleral matrix of
fibers. The means of seven independent determinations are shown. The error bars represent the
standard error of the mean. See color version on companion CD.



as a function of time. The permeability constant or KtransK for the transscleral diffusion of
the naked, single-stranded, fluorescein-labeled oligonucleotide was 7.67 ± 1.8 × 10–7 cm/s
(mean ± SEM, N = 7). After 24 h, 21.93 ± 5.44% of the total amount of oligonucleotide
had diffused across the sclera, leaving approximately 3.35 ± 1.18% in the sclera itself
and 12.94 ± 4.31% in the donor chamber (mean ± SEM).

Experiment 3: Electrophoresis of Intact Mouse Globe

Figure 5 shows an apparatus containing a freshly harvested mouse eye. Xylene cyanol
was electrophoresed into and through the eye. The eye is mounted with the cornea fac-
ing forward and the fundus is observed until xylene cyanol is carried into the cornea. At
that point, the entire eye is seen to contain blue color by dissection and by examination
of unstained frozen sections (Fig. 6), which show blue color though the entire eye,
suggesting that most of the eye can be electrophoretically filled with a charged mole-
cule such as this dye. We expect that DNA and RNA, because they are highly charged,
will migrate into the same interstitial spaces as well.

Experiment 4: Transscleral Iontophoresis In Vivo

We have gained some experience with transscleral iontophoresis in living mice. In
Fig. 7A, a pipet tip with a platinum wire running its length is filled with buffer contain-
ing DNA. This is placed against the posterior sclera and a current is applied through the
wire. As shown in Fig. 7B, the DNA sequesters in the retina, including all the layers,
and the plasmid, p70-EGFP, is expressed in all these neuronal layers as fluoresecence is
detected in these locations. Because this eye was from a pigmented mouse, it was not
possible to assess whether the plasmid is within the RPE.

DISCUSSION

These reports (1–3) and additional data that are summarized here establish that
charged dyes and nucleic acids pass through human sclera when driven by an electric
field. Transscleral mobility in the electric field was monitored in simple apparatuses.
The voltage and current used in these experiments are probably higher than what would
be possible in human treatment, but here the emphasis was to show that an electrical
field could, in principle, be used to transport charged molecules through the sclera.
Future experiments are planned at more physiological conditions.

It seems remarkable that large molecules can readily pass through the sclera. Many
investigators have delivered small drugs (<1,000 Daltons) through the cornea or sclera.
With succeeding reports, investigators have considered the behavior of larger mole-
cules. Ambati et al. (54,60) delivered molecules of about 150,000 Daltons. In our studies
(1–3), we delivered DNA up to about 8 million Daltons.

Several approaches have been used to drive materials across the sclera. For example,
Ambati et al. (63) implanted an osmotic pump to provide a long-term high concentration
source of material for diffusion across the sclera. This technique, however, is invasive
(requiring surgical implantation) and carries the potential for infection. Many other
approaches have been considered elsewhere (61,64–66).

Our studies (1–3) support the hypothesis that the sclera has many microscopic to
molecular-scale, water-filled pores (67)7 . The pores allow the sclera to behave as a
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Fig. 5. Transscleral electrophoresis of xylene cyanol through an intact mouse eye. Xylene
cyanol was electrophoresed through about 1 cm of agarose and then through an intact mouse
globe. Current flowed through the eye as indicated by the absence of dye in the upper reservior at
the 80 min time point when the run was terminated. Dye was found within the eye in all tissues
by inspection during gross dissection. Cryosections showed dye throughout the thickness of the
sclera, choroid, retinal pigment epithelium, and neural retina. Electrophoretic conditions were
similar to those employed in transscleral electrophoresis of human sclera in Figs. 1–3, about
3 V/cm, in 1X TAE buffer. See color version on companion CD.
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Fig. 6. Cryosection of an unstained mouse eye. The bluish-violet color derives from the
transocular electrophoresis of the dye xylene cyanol from the outside of the eye into the interior.
See color version on companion CD.

hydrophilic network of fibers. In an electric field, DNA easily passes through the sieve
that constitutes the majority of the sclera.

Davies et al. (1) did not detect any major differences among sclera from different
ages or among scleral fragments from different parts of the eye, suggesting that the
approach should be effective, robust, and applicable in many patient populations.

Small oligonucleotides were electrotransferred through the sclera. Both the double-
hairpin RNA–DNA hybrid and the single-stranded DNA fragment passed through the
sclera under the influence of an electric field. The mobility of the oligonucleotides
passing through the sclera was slightly slower versus their respective unimpeded coun-
terparts, and we observed extra band spreading and tailing when compared with their
unimpeded counterparts. These findings suggest that DNA and RNA have approxi-
mately similar electrophoretic mobility through the scleral pores versus migration
through 2% agarose.

Large and small DNAs passed through the scleral fragments, suggesting that many
potentially therapeutic nucleic acids, even large ones, can be electrophoretically deliv-
ered to the interior of human eyes. The relatively short time span for transit is encour-
aging and suggests that high doses of nucleic acids could be delivered by the
electrophoretic route repeatedly. These doses and sizes of fragments suggest that gene
augmentation therapy could be achieved through the sclera. This is especially signifi-
cant for cases in which the packaging size of AAV is exceeded.

Administering an electrical current for 2 h (as occurs in our electrophoresis gel box
in Fig. 3) would be very difficult in a patient and may cause significant toxicity (42,48).
However, the length of electrophoresis in our present experiments in the agarose gel
was much longer than could be used clinically because: (1) The DNAs would travel a
fraction of a millimeter before contacting the sclera. Similarly, the length of time after
the DNA crossed the sclera would be much less in a patient, and the DNA would need



to migrate only 100 to 200 μm to the delivery targets of the RPE or sensory retina.
Thus, in a clinical setting, treatment times would be about 5 to 10 min. (2) Also, the
current flow is in large part a function of the “buffer strength.” By reducing buffer con-
centration, current flow and heating of tissue are reduced. Such a reduction in current
density would reduce the risk of burn damage, fibrosis, and necrosis (42,48).

Supercoiled plasmid DNA can cross the sclera via electrophoresis. No apparent
damage to the plasmids occurred because the plasmids had identical mobilities before
and after transscleral electrophoresis. The amount of DNA recovered was nearly the
same as was applied to the well, as determined from relative fluorescent intensities of
the bands.

Our hypothesis predicted that small DNAs would migrate through the sclera. The
data from Figs. 2 through 5 indicate that this prediction is valid. Larger DNA exhibited
no clear size limit beyond which DNA would no longer pass through the sclera (as
shown in Figs. 4 and 5). These results suggest that the sclera functions as a sieve of
fibers similar to the more characterized networks in agarose or polyacrylamide.
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Fig. 7. Transocular iontophoresis. Left panel: A p70-EGFP DNA (79,80) was iontophoresed
trans-sclerally using a Microphor® Model 6121 (Life-Tech, Inc.) power supply for 20 min at 0.5 mA.
A 32-gage silver or platinum wire was used as the cathode, and was placed in the barrel of a non-
beveled pipet tip (200 μL) with an inner tip diameter of about 0.5 mm. This pipet was filled with 50
μL of the DNA solution and the wire was introduced about 0.5 cm into the solution. Dual electrodes
were also tested. The anode was an alligator clip attached to a BSS-soaked kimwipe wrapped around
the tail of an anesthetized mouse (ketamine-xylazine [intramuscular] and a local of 0.5% propara-
caine, one drop on the eye). The small end of the pipet tip was placed vertically in direct contact
with the conjunctiva just posterior to the pars plana of the mouse eye. The plasmid was dissolved in
BSS (Alcon), at a concentration of 1 mg/mL. With the pipet tip and contained cathode in the ver-
tical position, the generated H2 gas bubbles formed on the cathode wire but mostly would detach,
float upward, and pop at the surface before current flow was interrupted. The eyes of the mouse
were harvested 4 d after treatment to allow expression of enhanced green fluorescent protein (EGFP)
from the plasmid. Left and right panels: Photomicrographs of confocal images of mouse eye cryosec-
tions. The left panel is untreated. The right panel is of an eye that was transsclerally iontophoresed
with p70-EGFP, a plasmid that should produce EGFP in all neuronal cells of the retina (79,80). All
retina cell layers fluoresce much more than untreated. The confocal microscope and imaging set-
tings are identical across the two photomicrographs. See color version on companion CD.



The absence of a maximum size limit in the scleral sieve may imply that fragments of
DNA much larger than we tested may pass through the sclera (or even other tissues or
barriers). We speculate that, much as pulsed-field or field inversion gel electrophoresis
allows very large DNA fragments to transit agarose pores, DNAs thought too large may
pass through pores in the sclera if field inversion pattern and frequency are optimized.

Future Studies

Regarding the evaluation of potential damage to the sclera, we plan in the near future
to study hematoxylin and eosin (H&E) sections of the treated sclera for intercellular
damage including swelling, increased spacing between collagen bundles, and disrup-
tion of collagen bundles. Cuprolinic blue staining of sections would reveal changes
among treatment groups and untreated controls as proteoglycans might change in struc-
ture and amount following electric field treatments. Intracellular damage will be noted
when cytoplasmic fragmentation is evident or if cells have an indefinite outline sug-
gesting electroporation damage to the plasma membrane. Coagulation of proteins
within tissue would suggest thermal damage. Because tissue damage can be irregular or
scattered, we plan to examine serial sections of the scleral fragments, especially in the
thinnest regions.

Success in Gene Therapy With Small DNAs

The most notable success using a single-stranded oligonucleotide for treatment
of human chorioretinal disease is Formivirsen (Isis Pharmaceuticals, Carlsbad, CA).
Formivirsen is a 21-nucleotide phosphorothioate antisense oligonucleotide for treatment
of CMV retinitis (68,69). Intravitreal injection of antisense oligonucleotides targeting
vascular endothelial growth factor (VEGF) reduces new blood vessel growth by 25 to
31% in a murine model of neovascularization (70–73). However, despite the effective
delivery of oligonucleotides by intravitreal injection, oligonucleotides are rapidly broken
down in or cleared from the vitreous making repeated injections necessary to maintain
effective therapy. Repeated intravitreal administration of drugs and bioactive molecules
increases the risk of endophthalmitis, retinal detachment, vitreous hemorrhage, and pos-
sible retinal toxicity (74). Electrophoretic delivery might embed DNA in the sclera,
increasing the depot of the DNA drug. In the present review, we compared our DNA elec-
trotransfer method with intra-orbital injection. Electrotransfer moves the DNA across the
sclera and adjacent to the RPE with a low continuous voltage via a noninvasive process
called electrophoresis. In contrast, other labs inject DNA into the vitreous or subretinal
space, an invasive process, and follow with short pulses of a high-voltage field (46)6 . This
electric field is not the same electrophoretic field that is intended to transfer DNA a
macroscopic distance; instead the field is intense and pulsed to transiently open pores in
the plasma membrane of the cells. Diffusion allows the DNA to enter these cells. This
process is called electroporation and it should not be mistaken for the electrophoretic
fields that we apply to move DNA a significant distance from outside the eye to inside.

Limitations of Transscleral Delivery

Even though transscleral diffusion permits a less invasive method of oligonuc-
leotide delivery, this method has limitations as well. Periocular injections might be
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too indiscriminant or transient to administer bioactive molecules to the posterior seg-
ment of the eye. Large volumes injected into the subconjunctival space may overwhelm
the absorption capacity of the sclera leading to dispersion into nonocular, orbital tissues
or systemic exposure and not achieve therapeutic levels in the posterior segment by
simple diffusion, although Demetriades et al. (30) were successful. Therefore, (1) a
sustained-release delivery system (i.e., fibrin sealant or biodegradable polymers) may be
advantageous by allowing continuous transscleral diffusion, or (2) immediate electro
transfer may create an internal depot within the sclera or eye close to the target cell; for
example the RPE65 cDNA might be delivered near the RPE. After diffusion across the
sclera, the DNA still must traverse the vascular choroid. Washout may be a problem,
requiring higher starting concentrations. Systemic expression could result from plasmids
captured in blood flowing out of the eye. As mentioned in the introduction section, the
sclera represents just one of several barriers to the therapeutic delivery of large or small
nucleic acids to the retina and other ocular tissues. However, it is encouraging that the
present electrophoretic approach seems to be effective for transscleral delivery of several
forms and sizes of nucleic acids. Further work is needed to evaluate strategies to opti-
mize crossing other barriers and transfecting the nucleic acids into the target cells.

SUMMARY

Although many steps and barriers remain to clinical application, other investigators
are testing procedures for low current iontophoresis of several classes of drugs across
the conjunctiva and cornea (36–45). We suggest that the charged nature of DNA and
RNA may make virtually any size nucleic acid an excellent drug for delivery by elec-
tric fields through porous tissues.

Speculation

It seems useful at this point to consider a calculation concerning the efficacy of the
mass transfer capabilities within the eye and into the RPE cell. Let us consider the sit-
uation of the mouse RPE. The mouse eye contains about 54,000 RPE cells (75,76).
We speculate that electrotransfer can deliver about 1 μg of DNA into the immediate
vicinity of the RPE cell, likely embedding most of the DNA into basolateral infoldings.
With further manipulations—including, for example, electroporation—perhaps 10%
of the DNA would enter into each RPE cell. Assuming that the delivered DNA is an
episomally expressed plasmid of about 3.5 kb, this corresponds to 26 billion copies or
the delivery of about half a million copies of the plasmid within each RPE cell. Even
with a modest efficiency of delivery across the nuclear pore complex, it seems likely
that a large number of plasmids would enter the nucleus. That is, suppose the efficiency
of DNA delivery into the nucleus from the cytoplasm is 1 to 10%, then 5000 to 50,000
copies would be delivered into the nucleus. Also, we suggest that if the DNA were
delivered when the mouse is young (before the accumulation of binucleate RPE cells,
a process requiring fission of the nucleus) DNA might be more readily taken up into
nuclei of RPE cells. We can compare this DNA delivery strategy with that of rAAV.
AAV is exceedingly well taken up by RPE cells when injected subretinally, but only
about 10 billion particles are injected into the eye at any one time (77,78), corresponding
to about 200,000 therapeutic gene or cDNA copies per RPE cell. The joint efficiency
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of AAV delivery into the cell and nucleus is high, but assuming it is 10%, about 20,000
copies would be delivered into the nucleus. Thus, we speculate that the electrophoretic
delivery of DNA into the mouse RPE should be on par with rAAV delivery. While the
efficacy of rAAV is not in question, the simpler technology of plasmid preparation and
the noninvasive delivery of the plasmid by electrophoresis may make it more attractive
in the long run.

In conclusion, application of an electric field may in part solve one of the most dif-
ficult and important problems in gene therapy for eye diseases—the need to transfer
large amounts of therapeutic agents to the interior of the eye without damaging ocular
tissues. Electrophoresis or iontophoresis of nucleic acids into the eye may be ideal for
gene therapy because RNA and DNA are hydrophilic and charged.
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RATIONALE FOR ADVANCED DRUG DELIVERY METHODS

Delivery of drugs to the eye, particularly for the treatment of posterior segment
diseases, is a challenging task that requires drug transport across barriers in the eye,
which are present for the purpose of limiting the entry of drugs and xenobiotics. The
common methods of drug delivery to the eye—eyedrops, direct injection, and systemic
administration—all have problems that limit their usefulness, particularly for agents
that are high in molecular weight and water-soluble.

At present, most ocular diseases are treated with the topical application of solutions
administered as eyedrops for water-soluble drugs and as ointments or aqueous suspen-
sions for water-insoluble drugs (1,2). These dosage forms account for approx 90% of
currently marketed formulations. The cornea represents a primary pathway for ocular
penetration of topically applied drugs. Annular tight junctions (zonula occludens),
which completely surround and effectively seal the superficial epithelial cells, make the
cornea an effective barrier to drug penetration. Binding of drug molecules to corneal
tissues also appears to hinder transcorneal penetration (3). Conjunctival penetration and
uptake of topically applied drugs is typically an order of magnitude higher than corneal
uptake (4). In addition, high tear fluid turnover rates and nasolacrimal drainage con-
tribute to rapid and extensive precorneal losses, limiting the effectiveness of conjunctival
penetration (5). As a result, after instillation of an eyedrop, less than 5% and as little as
1% of the drug applied penetrates the cornea and reaches the intraocular tissues (6,7)7 .
It has been suggested that, after instillation of a drop, the maximum concentration in
the vitreous is approximately one hundred-thousandth that of the drop itself (8).
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Furthermore, this is the major route of entry into the circulatory system for topically
applied drugs (9,10) and has been shown, in rare cases, to result in systemic exposure that
is sufficiently high to be toxic (11). Therefore, although simple in terms of formulation
development and production, as well as being widely accepted by patients, these conven-
tional dosage forms have numerous deficiencies that make the development of alternative
delivery strategies desirable, particularly when delivery to the back of the eye is indicated.

Direct injection of drugs into the vitreous cavity is sometimes used to achieve high
drug concentrations in the vitreous and the retina. However, in order to maintain drug
concentrations at therapeutic levels for a prolonged period of time, repeated injections
are necessary, as the half-life of drugs in the vitreous is generally relatively short (12).
Repeated injections result in patient discomfort and can potentially lead to complica-
tions such as vitreous hemorrhage, infection, and lens or retinal injury. Furthermore,
the low therapeutic index of the majority of the drugs used for treating diseases of the
posterior segment may require drug concentrations that are at or near levels toxic to the
retina (13). Periocular delivery using subconjuctival or retrobulbar injections provides
an alternative to intravitreal injections that is safer and less invasive; this area has been
targeted as a potential site for controlled drug delivery (14).

Systemic delivery of ophthalmic drugs, while sometimes used in the treatment of vitreo-
retinal diseases, is not an effective alternative due to the high efficiency of the blood–ocular
barrier (15). The large systemic dose required to obtain a therapeutic level of drug in the
eye severely limits the applicability of this method in most cases; toxicity in tissues
outside the eye is a frequent limitation. Furthermore, the blood–retinal barrier, which is
located at the level of retinal vascular endothelial cells and in the retinal pigment epithe-
lium, inhibits the entry of certain drugs from the systemic circulation.

Based on these delivery problems it is not surprising that, despite accounting for
more than 55% of all ocular diseases, problems related to the posterior segment account
for less than 5% of the ophthalmic drug market. Most of the currently available clinical
therapies for the treatment of diseases resulting in loss of sight due to neovascularization
in the eye—i.e., laser photocoagulation therapy for diabetic retinopathy and photodynamic
therapy for age-related macular degeneration (16)6 —use either surgical intervention or
systemic delivery of a therapeutic agent as the delivery method. The application of
novel angiostatic agents, particularly proteins or protein-like drugs including anti-vascular
endothelial growth factor (VEGF) (17)7 , matrix metalloproteinase (MMP) inhibitors
(18,19), integrin agonists (20), pigment epithelium-derived factor (PEDF) (21,22), and
inhibitors of insulin-like growth factor-1 and growth hormone (23), will require more
sophisticated methods of delivery to ensure activity and efficacy of the drug over a
prolonged period of time and to minimize drug-induced complications. Novel delivery
systems are also needed for therapeutics with a high level of systemic toxicity, such as
steroids (24–26)6 .

A number of novel methods are under development or in clinical use. Devices made
from both biostable (nondegradable) and from biodegradable polymers have been inves-
tigated and studied. Devices made from biodegradable polymers have the advantage that
they degrade and therefore disappear from the site of implantation over time. The potential
for further development, particularly for protein agents, is significant; this development
can take advantage of knowledge obtained in delivery of protein drugs to other sites.



NOVEL DRUG DELIVERY SYSTEMS BASED ON POLYMERS

Biocompatible polymers can be used to build drug delivery systems that provide con-
trolled release of agents. “Controlled” release can refer to control over the rate and dura-
tion of drug release or control over the local site of release into the body; both of these
are useful attributes for an ocular drug delivery system. Many polymeric materials are
available for the development of drug delivery systems; Table 1 provides a partial list.

Reservoir Systems

Nondegradable, hydrophobic polymers have been used the most extensively in drug
delivery systems. Reservoir drug delivery devices, in which a liquid reservoir of drug is
enclosed in a silicone elastomer tube, were first demonstrated to provide controlled
release of small molecules several decades ago (27)7 . This discovery eventually led to
clinically useful devices, including the Norplant® contraceptive delivery system, which
provides reliable delivery of levonorgestrel for 5 yr following subcutaneous implantation.
Norplant has been available to women in the United States since 1990, after use by
millions of women in other countries, and it has been generally well received (28).
Other polymers, most notably ethylene vinyl acetate copolymer (EVAc), have been
used to control the delivery of contraceptive hormones to the female reproductive tract
(Progestasert®) and lipophilic drugs to the eye or the skin (Ocusert®, Estraderm®, and
Transderm Nitro®; see Fig. 1). The reservoir configuration offers a number of potential
advantages, including the possibility of long service life (because large quantities of
drug can be stored in the reservoir), excellent control over release kinetics, and nearly
constant release rates. Because the rate of agent release depends only on diffusion of
the agent through the surrounding polymer membranes, release is reproducible, pre-
dictable across a variety of agents, and constant for as long as the drug reservoir remains
saturated with drug.

Ocusert was designed to be inserted by patients into the cul-de-sac of the eye. The
rate and duration of drug release can be adjusted by changing the properties of the
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Table 1
Polymeric Materials for Drug Delivery Systems

Polymer Properties

Polydimethylsiloxane, silicone Used in implanted medical devices
elastomers (PDMS) Hydrophobic, rubbery material

Poly(2-hydroxyethylmethacrylate) Used in soft contact lenses
(pHEMA) Hydrophilic, soft material

Poly(ethylene-co-vinyl acetate) Used in drug delivery devices (Progestasert; Ocusert)
(EVAc) Hydrophobic, rubbery material

Poly(L-lactic acid), Poly(glycolic acid), Used in drug delivery devices and sutures
and Poly(lactide-co-glycolide) Hydrophobic material that slowly degrades in water
(PLA, PGA, and PLGA)

Polyanhydrides such as Used in drug delivery devices (Gliadel®)
poly(carboxyphenoxypropane- Hydrophobic material that slowly degrades in water
co-sebacic acid) (pCPP:SA)



membrane and the concentration of drug in the reservoir. The clinical versions of the
device release pilocarpine at a controlled rate (either 20 or 40 μg/h) for 7 d. The rate of
release is higher than the nominal rate during the first 6 h of use, as drug that has saturated
the membrane during storage is released and steady-state conditions are established; the
rate is approximately three times the nominal rate during the first hour of use. The encap-
sulated drug is not completely released during the 7-d lifetime. A substantial quantity of
drug must be retained to serve as the diffusional source. A device that releases 40 μg/h has
an initial loading of 11 mg of pilocarpine; approx 40% of that amount is left in the device
at the end of its 7-d use.

Vitrasert® is an intravitreal device for controlled release of ganciclovir to treat
cytomegalovirus retinitis in immunocompromised patients (29–33). The tablet-shaped
ganciclovir core (4.5 mg of agent) has a coating of EVAc and poly(vinyl alcohol) (PVA);
the coating controls the rate of ganciclovir diffusion into the vitreous. These devices can
deliver controlled amounts of drug for a prolonged period of time (release occurs over a
period of 5 to 8 mo at a rate of 1 to 2 μg/h) and are highly efficacious. In one study, the
median time to progression of cytomegalovirus (CMV) retinitis increased from 15 d in
the deferred treatment group to 226 d in the implant group (30). In another study, which
compared two different-concentration ganciclovir implants but used intravenous (iv)
administration of the drug as a control (29), the ganciclovir implant was more effective
than iv administration of the drug for the treatment of the CMV infection; in fact, due to
the marked improvement observed in study patients receiving the implants, many of the
iv-treated patients were offered implants after early progression. However, patients
treated with the implant were at greater risk of developing CMV in the contralateral eye
and elsewhere in the body, compared to those receiving iv drug. No differences were
observed between the implants loaded with different amounts of the drug.

The Vitrasert® device is not biodegradable; hence retrieval may be necessary. The
need for a surgical removal procedure is offset by the greater reproducibility of the
release rates compared with degradable devices. Techniques have been developed to
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Fig. 1. Schematic diagram of the Ocusert reservoir drug delivery system. The figure shows
an exploded view of the system. The rate-controlling membranes are composed of EVAc, a
nondegradable, highly biocompatible material.



aid with implant removal (34). If the patient’s immune system remains seriously com-
promised, a second device may be implanted. This procedure is well tolerated (35),
although multiple sclerotomies can weaken the wall of the eye and multiple implants
can impede vision. A small number of patients (0.46%) develop endophthalmitis asso-
ciated with placement of the ganciclovir implant, with the majority of cases occurring
in the early postoperative period (36)6 .

The Retisert® intravitreal device, which provides long-term delivery of fluocinolone
acetonide (a synthetic corticosteroid) for the treatment of severe uveitis and diabetic
macular edema, is also being tested. The system, consisting of pure drug pellets coated
in a PVA/silicone laminate and affixed to a PVA suture strut, releases drug at a rate of
approx 2 μg/d (37)7 . More recently, release rates as low as 0.1 μg/d were shown effica-
cious in a rabbit model (38). Constant intraocular drug levels were observed for
extended periods in a normal rabbit eye (39), with indications that devices might release
drug at a constant rate for periods as long as 18 yr. Reduced intraocular inflammation
and maintenance of useful vision was observed in all patients for an extended time
period with minimal additional topical therapy, including in patients with simultaneous
intraocular lens implantation (40,41). The device was also effective in the treatment of
proliferative vitreoretinopathy (41) and diabetic macular edema (42). 

The sclera has a large surface area and substantial permeability to drugs with a wide
range of molecular weights, including drugs with a molecular weight up to 70,000
Daltons (43–45) and higher (46). These factors make it amenable for the delivery of
drugs to the back of the eye (47,48). Ideally, a transscleral delivery device would pro-
vide controlled, long-term drug release and specific scleral site delivery, targeting the
thinner areas of the tissue.

The high permeability of the sclera has been exploited in the development of a depot
delivery system for anecortave acetate for the treatment of age-related macular degen-
eration (AMD) (49–51). The device, fabricated from medical-grade silicone, is curved
to conform to the eye. The inner core contains a cylindrical 25-mg tablet. The device is
inserted into a surgically created sub-Tenon tunnel at the superotemperal quadrant.
Although injection of the drug results in therapeutic drug concentrations for approx 6 mo,
levels of drug in the choroid and retina of rabbits treated with the device remained at
between 0.1 and 0.2 mMmm for approx 2 yr, suggesting that the device could be used to
safely treat AMD continuously for long periods of time. Implantation of the device did
not affect corneal thickness or endothelial integrity and did not produce signs of ocular
toxicity. A new-generation device may provide even longer delivery (52). 

Matrix Systems

For some therapeutic agents, it is not possible to find membrane materials that pro-
vide adequate drug permeability to permit release from a reservoir device. Proteins, for
example, do not diffuse readily through any of the hydrophobic, biocompatible polymers
that are commonly used for implantable reservoir systems (Table 1), or they diffuse very
slowly (D < 10–13 cm2/s). In addition, reservoir devices are structurally complex, requiring2

several manufacturing steps, with resulting additional expense. For this combination of
reasons, matrix systems for the delivery of agents (particularly protein or large mole-
cular weight drugs) have been examined in considerable detail.

Posterior Segment Ocular Disease 397



In a matrix system, the drug molecules are dissolved or dispersed throughout a solid
polymer phase. In many cases, the polymer materials are the same as those used for the
rate-limiting membrane in reservoir devices, nondegradable materials such as EVAc. In
a matrix drug delivery system, molecules of drug are dissolved in a biocompatible
polymer, producing a homogeneous device with drug molecules uniformly dispersed
throughout the material; if the drug is not soluble in the polymer, a matrix composite is
produced by dispersing small particles of solid drug within a continuous polymer scaf-
fold. In this case, the drug molecules are released by diffusing through the polymer to
the surface of the device from which they are released into the external environment. For
dissolved drugs, the polymer matrix provides the diffusion pathway; for dispersed parti-
cles, diffusion pathways are created by water entry into the composite and dissolution of
the solid particles (see ref. 53 for details). For many agents, biocompatible polymers
such as EVAc can be used to prepare long-lasting delivery systems that are approx 1 mm
in size (Fig. 2). Biodegradable polymers—such as poly(lactide-co-glycolide) (PLGA),
poly(ortho esters), and polyanhydrides (see Table 1)—can also be used to make matrix
systems. In most drug delivery systems fabricated from degradable polymers, diffusion
is responsible for release, which is often complete long before substantial degradation
has occurred. The use of degradable polymers can complicate device design (these mate-
rials often are more difficult to process and the local reaction to the device may be more
complex due to the long-lasting release of polymer degradation products), but the
implanted matrix will eventually disappear, so surgical removal is unnecessary.

Matrix systems have been used to deliver various drugs via device implantation into
the sclera. For example, PLGA scleral implants containing betamethasone released the
drug for a period of approx 1 mo into the eyes of rabbits; the local drug concentration
suppressed inflammatory responses for more than 1 mo without substantial toxic reactions
in the retina (54,55). A similar device containing ganciclovir maintained drug concen-
tration within an effective range for a period of 6 mo (56)6 , and was effective at treating
experimentally induced human cytomegalovirus infections in rabbits (57)7 . Another
matrix device, which released tacrolimus, was effective in treating experimental uveitis
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Fig. 2. Release of dexamethasone from a small EVAc matrix (~1 mm3). (Data from ref. 117.)
See color version on companion CD.



in rabbits (58). Other materials have also been used in this setting; Ciulla et al. used
PVA matrices loaded with triamcinolone acetonide (TAAC), as well as a combination
PVA device containing a solid reservoir of TAAC surrounded by the TAAC/PVA
matrix, to treat the eyes of rats that had been previously laser-treated (59). Delivery
rates were found to be significantly different between the matrix-only and matrix/
reservoir devices; the reservoir device delivered the drug for a significantly longer
time period (7 wk vs 30 d). The results revealed no difference in efficacy between the
two devices, but both devices produced significant improvements relative to implants
containing no drug. 

Microparticle Carriers for Drug Delivery to Back of Eye

Reservoir and matrix devices are generally large and therefore must either be implanted
through a potentially large surgical incision or a smaller tissue perforation. For example,
the Norplant system for long-term contraception, six 2.4-mm-diameter cylinders, is
inserted subcutaneously using a trochar. Surgical insertion into the eye is possible, as
illustrated by some of the examples in the previous sections, but is not optimal. As an
alternative, injectable microparticles (>1 μm in size) and nanoparticles (<1 μm),
consisting of drug entrapped within a polymer, have been developed and applied to the
delivery of drugs to the posterior segment of the eye (60–63) (Fig. 3). These particles
are generally classified as either microspheres, in which the drug is dispersed within a
homogeneous polymer matrix, or microcapsules, in which a drug core is surrounded by
a thin polymeric film (64) (in many senses, microparticles are miniaturized versions of
matrix systems, whereas microcapsules are miniaturized reservoirs). Because micro- and
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Fig. 3. Scanning electron micrograph of poly(d,l-lactic acid-co-glycolic acid) 50:50 micro-
spheres containing iodomelatonin (original magnification ×1500, the scale bar is 10 μm). The
mean diameter of the spheres is ~1 μm. (From Gemeinhart and Saltzman [submitted].)



nanoparticulates cannot be easily recovered after administration, they are generally fab-
ricated from biodegradable polymers. A variety of polymers have been investigated,
including gelatin, albumin, polyorthoesters, and polyanhydrides, but the family of poly-
esters synthesized from D,L lactic acid [poly(lactic acid), PLA], and glycolic acid
[poly(glycolic acid), PGA] as well as their copolymers (PGLA) are the most widely
studied. Under physiological conditions, these polymers degrade to lactic acid and gly-
colic acid respectively. Poly(ortho esters) (POE), a family of hydrophobic, biocompatible
and bioerodible polymers, which have been shown compatible with the tissues at the
back of the eye (65,66), have also been used in the preparation of microcapsules for
ophthalmic drug delivery (67)7 . 

A variety of techniques can be used to prepare microspheres, but the most common
preparation method involves evaporation of a solvent from an oil-in-water or an water-
in-oil-in-water emulsion, depending on the properties of the drug to be delivered (62).
Encapsulation efficiency (drug content in the microparticulate compared with theoreti-
cal drug loading) is dependent on the properties of the drug and the polymer as well as
the preparation technique used (68) and the rate of solvent evaporation (69). Efficiency
of encapsulation varies with properties of the agent and the encapsulation technique,
but is often low (<10%) with water-soluble agents.

Drug release from particulates usually occurs by a combination of mechanisms
including diffusion through either the polymer network or through fluid-filled pores in
the network, physical erosion after degradation of the polymer matrix, and ion
exchange. The nature of the polymer matrix significantly affects drug release character-
istics. For example, in one study of particles prepared for intravitreal delivery, approx
70% of 5-fluorouracil (5-FU) was released from PLA microspheres (MW 3400) over a
7-d period; using PGLA with a similar molecular weight, 98% of the encapsulated drug
was released in only 2 d (70). In general, the half-life of degradation of PLGA is shorter
than that of PLA because the copolymers have lower crystallinity and, therefore, imbibe
water more readily (71); lower molecular weight polymers and copolymers have shorter
half-lifes than polymers with higher molecular weights (72). Poly(ortho ester) materials,
because of the nature of the degradation process, have release kinetics that are often
constant and linear, usually with no burst, and that can be controlled by such factors as
the polymer molecular weight or the physiochemical characteristics of the substances
that are incorporated within the polymer matrix. Polyanhydride microparticles exhibit
surface erosion (particularly when used with hydrophobic agents); this form of degradation
can also lead to good control over drug release kinetics from microparticles (73).

Microspheres are generally injected as a suspension using either phosphate-buffered
saline (PBS) or balanced salt solution as the vehicle. Viscous vehicles including hyaluronic
acid (HA) and hydroxypropylmethyl cellulose (HPMC) have also been used to improve
delivery and may be particularly appropriate for intravitreal delivery (74).

PGLA microspheres have been used for the delivery of various ophthalmic drugs
and in various ophthalmic applications for periods of between 2 and 8 wk. Microspheres
loaded with adriamycin (75), 5-FU (76,77)7 , and retinoic acid (78) have been examined
in animal models for the treatment of proliferative vitreoretinopathy (PVR). Adriamycin-
loaded spheres were reported to significantly decrease the rate of retinal detachment in
a rabbit model of PVR at 4 wk by 10 to 50%. A direct injection of 10 μg of the drug
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was found to be toxic to the retina, while delivery of the same dose in microspheres
inhibited PVR and did not cause histological abnormalities in the eye. Administration of
microspheres containing retinoic acid produced a similar effect, reducing the incidence
of tractional retinal detachment in a rabbit eye model in comparison with blank micro-
spheres. Microspheres loaded with dexamethasone have also been used for the treatment
of uveitis (79,80). Acyclovir-loaded microspheres, designed for the treatment of acute
retinal necrosis, resulted in measurable drug in the vitreous for 14 d after administra-
tion of microspheres (81). A number of in vitro and in vivo studies in rabbits have been
performed with ganciclovir-loaded microspheres for the treatment of cytomegalovirus
retinitis (82–85). In summary, the release rates of lipophilic compounds were almost
uniform, whereas the more hydrophilic compounds exhibited substantial short-term
release (or a “burst” of initial release). A mild foreign-body response to the particles
was observed after injection, with macrophages and multinucleated giant cells sur-
rounding fragments of degraded particles (78). This response disappeared after degra-
dation of the particles and there were no other adverse responses noted. A recent study
suggests that intravitreally injected PLA nanoparticles can accumulate in cells of the
retinal pigment epithelium, persist in the cells for many months, and release encapsu-
lated agent into the cells (86)6 .

Despite the above results, which show the promise of microspheres and microcap-
sules for delivery of pharmaceutical agents to the back of the eye, there are no current
clinical applications using micro- or nanoparticulates. Several factors may be responsi-
ble for this slow progress. Although less frequent injections are needed with particulate
delivery systems, repeat injections into the back of the eye might still be needed. In
addition, the extent and duration of inflammation produced by the degrading particles
is still not completely understood. Finally, microparticles, in general, exhibit less repro-
ducible release kinetics than the implantable systems (87)7 .

DELIVERY SYSTEMS FOR PROTEINS AND OTHER
MACROMOLECULAR DRUGS

Because proteins diffuse very slowly through films of silicone and EVAc, many early
investigators believed that it was impossible to develop matrix delivery systems capable
of releasing proteins (88). In the late 1970s, however, a method for achieving controlled
release of proteins from nondegradable polymers was described (89). These polymers
provide sustained release of biologically active molecules for extended periods of time,
up to several years in some cases (90). One particular hydrophobic polymer, EVAc, has
been investigated extensively as a matrix system for protein delivery. Other classes of
hydrophobic polymers, such as silicone elastomers and polyurethanes, may also be useful
for controlled protein delivery, although there are fewer examples available in the literature.
Nondegradable, hydrophilic polymers, such as poly(2-hydroxyethyl methacrylate) (which
is frequently used in soft contact lenses and other biomaterials), are also biocompatible,
but usually release proteins over a relatively short period of several hours and so may be
useful for protein delivery in cases in which prolonged release is not needed.

In general, proteins are loaded into a polymer matrix by dispersing solid particles of
protein throughout the polymer. When protein-loaded matrices are immersed in water,
the proteins are released slowly. The initial rate of release from the matrix is higher for
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matrices with higher loading (initial mass fraction of protein particles within the
matrix). This release is frequently linear with respect to the square root of time, consis-
tent with a diffusive release mechanism (Fig. 4). To account for the complex structure
of the composite matrix material, the diffusion equation incorporates an effective diffu-
sion coefficient for the protein in the polymer matrix. This effective diffusion coeffi-
cient, which is typically much lower than the diffusion coefficient of the protein in
water, provides a quantitative measure of the rate of protein release, decreasing as the
rate of protein release from the matrix decreases. 

EVAc matrix systems have been used to release a variety of macromolecules, such
as polypeptide and protein hormones (91,92), heparin (93), growth factors (94–97)7 ,
inhibitors of tumor angiogenesis (98), polyclonal antibodies (90), monoclonal antibodies
(MAb) (99–103), antigens (104,105), and DNA (106). Macromolecules retain their
biological activity after release from EVAc. For example, MAbs against human chori-
onic gonadatropin (hCG) retained its ability to bind to hCG after release from an EVAc
matrix (100,101) and MAbs that neutralize herpesvirus were effective after long-term
delivery in animals (107)7 . In addition, when released from EVAc matrices, nerve growth
factor (NGF) stimulated neurite outgrowth in cultured cells (94), NGF enhanced choline
acetyltransferase activity in neurons in the brain (108), insulin altered the blood glu-
cose levels in diabetic rats (91), and angiogenesis inhibitors blocked new blood vessel
growth (98).

EVAc matrices, usually prepared by solvent evaporation (109), consist of protein
particles dispersed throughout a continuous polymer phase. When matrices are placed
in an aqueous environment, particles at the surface of the matrix can dissolve. Because
water-soluble molecules diffuse very slowly through the continuous polymer phase,
and because the polymer is hydrophobic and does not swell appreciably in water, protein
release must occur through pores in the polymer, which form as the dispersed protein
particles dissolve. In fact, microscopic observations of the matrix structure reveal a
network of interconnected pores in which large pores (diameters of 100–400 μm) are
connected by smaller pores or channels (1–10 μm in diameter) (109–111). Connected
clusters of pores that contact the matrix boundary can release protein to the surrounding
environment. At loadings higher than 35%, most protein particles are found in clusters that
reach the matrix surface, whereas at lower loadings most particles are disconnected
and, therefore, not releasable. This behavior can be seen in the protein release data 
in Fig. 4.

Biodegradable polymers can also be used for protein delivery; often this can be
achieved by adapting one of the methods developed for fabrication of EVAc protein
delivery systems for use with a degradable polymer such as PLGA (101). Micro- and
nanoparticulate systems from biodegradable polymers are particularly attractive
for long-term protein delivery to the posterior segments of the eye. A variety of
approaches have been used to encapsulate proteins into degradable polymer microparticles.
The encapsulation technique must usually be tailored to the specific protein of interest,
but some general principles are emerging (112). A variety of examples of systems are
now available, including PLGA systems for the controlled release of nerve growth
factor (113), human growth hormone (114), interleukin-2 (115), and HIV vaccine
proteins (116).
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CONCLUSION

Alternate delivery systems are needed for treating disease in the posterior segment of
the eye, particularly given the inherent difficulties in the delivery of agents to this site
and the desire to reduce the frequency of administration. Reservoir, matrix, and particu-
late delivery systems are well established as safe and effective approaches for the delivery
of agents to the eye. Protein-based agents—which account for a large fraction of the
agents now being considered for treatment of angiogenic diseases in the eye—can be
delivered reliably from controlled-release systems, but more work is needed to translate
this technology into devices that are reliable for delivery to the posterior segment.
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Ocular parenchyma, 246
Ocusert®, 395
Oncocerca volvulus, 60
Optical coherence tomography (OCT), 9–10,

77, 89
Oxidative stress, 154

P
Panretinal diathermy, 135
Panretinal photocoagulation (PRP), 135–136
Pars plana vitrectomy, 136

Pathological myopia, 85
Pegaptnib, see Macugen
Periocular injections, 374
Permeability of Sclera, 381
PEX, 259
PGLA microspheres, 400
Phaeochromocytomas, 181
Photocoagulation, 156
Photodynamic therapy, 7, 95–96
PI3 Kinase, 221
Pigment epithelium-derived factor (PEDF),

24–25,  31–34, 59, 66, 81, 96, 115,
130–131, 141, 207, 217, 240, 318, 357,
364, 394

mimetics, 225
Pilocarpine, 396
PKC412 (n-benzoyl staurosporine), 199
Plasminogen activators, 205–206
Plasminogen kringle 1–5 (K1–5), 31
Plasminogen kringle 5 (K5), 31, 33, 331
Plasminogen, 33
Platelet-derived growth factor (PDGF), 104,

106, 128, 130, 207, 211, 296, 297, 346
Poly(lactide-co-glycolide) (PLGA), 398
Poly(ortho esters), 398, 400
Polyanhydrides, 398
Polymorphonuclear (PMN) leukocyte, 55
Polypoidal choroidal vasculopathy (PCV),

7–8, 73–82
Posterior juxtascleral depot (PJD), 348
Postnatal vasculogenesis, 114
Primary open-angle glaucoma (POAG), 173
Prolactin, 331
Proliferative diabetic retinopathy, 25–30,

127, 261, 355
Protein kinase C (PKC), 282
Pseudoexfoliation (PEX) syndrome, 243
Pterygium, 46, 58, 59

R

Ranibizumab (Lucentis™), 13
Ranibizumab, 197–198
Rapamycin, 362
R-cadherin, 115
Retaane®, see Anecortave acetate
Retinal angiography, 134
Retinal angiomatous proliferation, 5–7
Retinal neovascularization, 23–24, 28–30, 32
Retinal periphlebitis, 150, 292
Retinal perivasculitis, 149–150
Retinal pigment epithelium (RPE), 242
Retinal vasculitis, 292
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Retinitis pigmentosa, 105–106
Retinoblastoma, 166
Retinoic acid, 226
Retinopathy of detachment, 105
Retinopathy of prematurity (ROP), 104, 261,

309, 323, 355
Retisert®, 397
Retrobulbar injections, 374
Retrolental fibroplasias, 102
Rhegmatogenous retinal detachment, 128
RhuFab, see Lucentis
rhuFabV2, see Lucentis
Rubeosis irides, 127, 293, 323
Rubeotic glaucoma, 127
Ruboxistaurin (LY333531), 198, 330

S

S334ter opsin transgenic rat, 359
Sarcoid uveitis, 150
Sarcoidosis, 292
Scleral imbrication, 95
Serosanguinous, 78
Serous retinal detachment, 74
Serpiginous choroidopathy, 292
Small interfering RNA (siRNA), 199
Smoking and AMD, 3–4
Soluble VEGFR-1, 364
Somatostatin, 65
Sorsby fundus dystrophy (SFD), 175, 264
SPARC, 245
Src kinase p59fyn, 238
Staphylococcal blepharitis, 49
Staphyloma, 87
Stargardt disease (STGD), 175–176
Statin, 35
Stevens-Johnson Syndrome, 57
Streptozotocin-induced diabetes, 318
Sub-Tenon’s injections, 347
Suramin, 192

T

Tenon’s capsule, 63
Tetrahydrocortexolone (THS), 342
Tetrahydrocorticol (THF), 342
Thalidomide, 331
Thrombospondin (TSP)-1, 31, 162–163,

233, 279
Tie 2 receptor, 319

Tissue inhibitors of metalloproteinases
(TIMPs), 31, 56, 262

TNP-470, 331
Trabeculectomy, 138
Trachoma, 49, 53, 59–60
Transderm Nitro®, 395
Transforming growth factor (TGF)-β, 25
Transscleral diode laser retinopexy, 135
Transscleral Iontophoresis, 382
Triamcinolone acetonide, 13, 96, 313
Troxerutin, 140
Tumor necrosis factor (TNF)-α, 128
Tumstatin, 31

U
Ultrasonography, 152
Uveal melanoma, 164
Uveitic neovascularization, 291

V

Vascular endothelial cells, 296
Vascular endothelial growth factor (VEGF),

24–25, 28–29, 33–35, 57, 61–62, 81,
96, 102, 107, 111, 128, 163, 191, 240,
280, 296, 315, 357

VEGF-TRAP (R1R2), 199, 330
VEGF Receptor, 35, 193, 317
VEGFR-1 (Flt-1), 31, 57, 61, 113, 193, 207
VEGFR-2 (Flk-1/KDR), 61, 113, 193, 220,

281
Venous obstruction, 151
Venous stasis, 151
Venovenous shunts, 151
Vernal keratoconjunctivitis, 58
Verteporfin, 12–13, 58, 350
Visudyne® PDT, 348
Vitrasert®, ganciclovir implant, 374396
Vitrectomy, 81
Vitronectin, 245, 279
Vogt-Koyanagi-Harada (VKH) syndrome,

292
Von Hippel-Lindau Syndrome, 180, 197
von Willebrand factor, 279

X, Z
Xenobiotics, 393
X-linked Norrie’s disease, 173, 180
Zonula occludens, 393
Zoster corneal disease, 54–55




