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Abstract 

Author: Evertz Solomon 

Title: lnterleukin 10 (IL-l 0) selectively inhibits neovascularization in the Murine 

model of Retinopathy of Prematurity 

Institution: Florida Atlantic University 

Thesis Advisor: Dr. Janet Blanks 

Degree: Master of Science 

Year: 2007 

Ocular neovascularization (NV), the development of new blood vessels in the eye, occurs 

when excessive vascular endothelial growth factor (VEGF) is produced. Eventually NV 

may lead to photoreceptor loss and or blindness, as it does in age-related macular 

degeneration (AMD), retinopathy of prematurity (ROP), and diabetic retinopathy. 

We tested the hypothesis that the anti-inflammatory cytokine, interleukin-1 0 (IL-l 0); 

can reduce inflammation and block NV in the affected areas of the retina. The mouse 

ROP model was used for this study of NV. Seven day old neonates stayed in 75% oxygen 

for five days, then were given intraocular injection of IL-l 0 and NV was evaluated after 

seven days in room air. Controls were uninjected contralateral eyes. IL-l 0 strongly 

inhibited NV without affecting intra-retinal vessels. The selective inhibition of IL-l 0 on 
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NV suggest a possible therapeutic use in infants with ROP, in diabetic retinopathy, and 

possibly, in AMD where inflammation is a risk factor. 
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Chapter 1 

Introduction 

1.1. Neovascularization 

Neovascularization (NV) is defined as the growth of new blood vessels into a tissue 

(e.g. lens, vitreous, primary tumor) resulting in pathology. Neovascular diseases of the 

retina are major causes of blindness worldwide. Age Related Macular Degeneration 

(AMD), is a progressive and chronic eye disorder. In the western world it is the leading 

cause of blindness in adults over the age of 60. Globally, it ranks third only behind 

cataract and glaucoma as a cause of blindness (WHO, 2004). In 2002, the global estimate 

for visual impairment was 161 million; AMD accounted for 8.7% of this estimate 

(Rsenikoff, et al., 2004). There is a loss of central vision in AMD, therefore fine vision 

required for activities such as reading and driving is impaired. Peripheral vision however, 

is usually retained. AMD occurs in two forms. Dry AMD (atrophic) generally develops 

slowly affecting both eyes simultaneously. This accounts for about 80% of cases. Extra

cellular deposits behind the retina called drusen characterize this form of the disease. 

With time the presence of a high density of drusen leads to photoreceptor death (Johnson 

et al, 2004). The wet form, (neovascular AMD) is characterized by neovascularization 

growing from the choroidal layer of the eye into the subretinal space causing rapidly 

deteriorating vision and severe impairment (Fig. I). These new blood vessels have a 

propensity to leak, damaging the retina (Mitchell, Bradley, 2006). Diabetic retinopathy is 

the leading cause of new cases of blindness among working adults in the U S. In this 

disease, NV grows into the vitreous (Fig.1 ). NV is a final common pathway leading to 
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vision loss in diabetic retinopathy, retinopathy of prematurity (ROP) and AMD (Fong, et 

al. , 2004). 
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Figure 1. Diagram of the retina. In AMD, NV grows from the choroid above the retinal pigment 
epithelial layer (RPE) into the subretinal space (black arrows). In diabetic retinopathy and 
retinopathy of prematurity NV originates from vessels in the inner retina and grows into the 
vitreous (open arrow). [Modified from original figure by John Dowling]. 

In normal physiology, angiogenesis is involved in growth and development of the vasculature of 

an organism as well as an important aspect of wound healing. In females, NV occurs 

during the monthly cycle to regenerate the endometrium. NV also occurs in the 

pathogenesis of arthritis and atherosclerosis. NV also plays a vital role in the transition of 
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tumors from the benign to the malignant state. For a tumor to grow beyond a few 

millimeter in diameters it has to recruit new blood vessels. The body is able to maintain 

homeostasis by producing a number of angiogenic growth factors e.g. vascular 

endothelial growth factor (VEGF), as well as inhibitors of these factors (e.g. transforming 

growth factor, pigment epithelium derived factor (PEDF), and thrombospondin-1 ). When 

angiogenic growth factors are produced in excess of the angiogenic inhibitors, the 

balance is tipped in favor of neovascularization. This delicately balanced interaction 

between pro-angiogenic and antiangiogenic factors is fundamental to the maintenance of 

normal vasculature and hence visual integrity. 

Ocular NV is characterized by extensive proliferation of new blood vessels by 

sprouting from preexisting ones into areas that should remain avascular, (e.g. the vitreous 

and subretinal space). NV is based on vascular remodeling and involves many stages 

summarized in Fig. 2. (Eichler, 2004). 
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Figure 2. Illustration of the process of angiogenesis. Angiogenic factors such as VEGF and 
basic fibroblastic growth factor (bFGF) are bound to receptors on the surface of endothelial 
cells, supporting their survival; in high concentration, they stimulate angiogenesis. The 
endothelial cells release matrix metalloproteinases (MMPs) and urokinases that degrade the 
basement membrane surrounding the capillary. The cells proliferate and migrate toward the 
source of the VEG F- finally forming tubes that are the precursors of the first branch of the vessel 
(Parikh eta/, 2004). 

In diabetic retinopathy and ROP, the growing blood vessels leak proteins and fluid into 

the retina resulting in edema and blurred vision. They also break easily resulting in a 

hemorrhage and permanent vision loss occurs if not treated immediately. Research has 

long shown that hypoxia is one of the main driving forces for the upregulation of VEGF, 

a major factor promoting neovascularization (reviewed by Ferrara et al, 2003). In the rat 

ROP model, Reynaud and Dorey (1994) found that the risk and intensity of NV was 

strongly correlated with the avascular area of the retina. This avascular area is an area of 

high expression of VEGF (Dorey et al., 1996). The hypoxia induced upregulation of 

VEGF expression by retinal glial cells plays a vital role in initiation and progression of 

retinal NV (Hata, et al, 1995). In 1994, Miller et al demonstrated not only a causal 
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relationship between VEGF and retinal NV, but also a potential therapeutic value of 

VEGF inhibition in ischemic retinal diseases. 

An inflammatory reaction elicited by macrophages and monocytes occurs in 

ischemic tissues and seems to be another major factor in the development of NV 

(Carmeliet, 2002). These cells accumulate in the ischemic tissue and are associated with 

the production of several pro-angiogenic substances including VEGF, tumor necrosis 

factor alpha (TNF-a), interleuk.in-2 (IL-2), basic fibroblastic growth factor (bFGF), and 

matrix metalloproteinases (MMPs) (Arras et al, 1998; Sunderkotter et al, 1994). It has 

been demonstrated that inflammation also plays a vital role in the ROP model (Paropia, 

2001 ). Another pro-angiogenic substance produced by macro phages in vitro can inhibit 

the degradation of HIF -1 a that causes the up-regulation of VEG F (Li et al 2000). Given 

the role of inflammation in NV and AMD Anti-inflammatory agents (e.g. IL-10) might 

be significant in future therapeutic approaches to ocular NV. 

1.2. Vascular endothelial growth factor 

Vascular endothelial growth factor, VEGF, is a heparin-binding hydrophilic 

glycoprotein with a molecular weight of 45kDa (Ferrara and Henzel, 1989). It belongs to 

a large family of growth factors which include placenta growth factor (PlGF), as well as 

six isoforms of VEGF. (Eriksson and Alitalo, 1999). These isoforms have different 

numbers of amino acids: 121 , 145, 165, 183, 189 and 206, which arise from alternative 

splicing of mRNA. The small molecular weight proteins are relatively soluble whereas 

the larger ones, (e.g. VEGF2o6 and VEGF1s9) are almost completely sequestered in the 

extracellular matrix (Stalmans, 2005). 
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VEGF-A, the most studied of the group, is produced by a number of cells including 

neurons, retinal glial (Milller) cells, astrocytes, retinal pigment epithelial cells, epithelial 

cells and fibroblasts (Yi et al, 1998; Herve et al, 2006). VEGF plays an important role in 

the development of the vasculature of animals during embryological development (Gogat 

et al. 2004). Elevated levels of VEGF occur in skeletal muscle during exercise, which 

stimulates capillary growth (Richardson et al, 2000). Studies show that basal levels of 

VEGF are always present in the retina, and are important in the development and 

maintenance of normal retinal vessels (Stone et al, 1995; Pro vis et al, 1997) as well as 

neural progenitors of the retina (Yang and Cepko, 1996; Hashimoto et al, 2006). In the 

CNS, VEGF is seen as both a neurotrophic as well as a survival factor. 

VEGF is also associated with pathology and is considered the main factor promoting 

neovascularization, which occurs in cancers, ischemic and inflammatory diseases 

(Y ancopoulos et al., 2000). It is also involved in the onset and progression of both AMD 

and diabetic retinopathy (Witmer, 2003). VEGF has a high specificity for VEGF 

receptors on endothelial cells, which proliferate, migrate and form new blood vessels 

when stimulated (Ferrara et al. , 2003). Hypoxia causes an upregulation of VEGF 

production, which stimulates a signaling cascade in endothelial cells. These endothelial 

cells are first stimulated to degrade their basement membrane, then they proliferate, 

migrate, invade extracellular matrix and finally form new tubes. 

1.3. VEGF Receptors 

Three glycosylated tyrosine kinase receptors of VEGF have been identified. These 

include VEGFR-1 (Flt-1), VEGFR-2 (KDR) and VEGFR-3 (Flt-4). Flt-1 and KDR are 
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specific to VEGF-A, while Flt-4 is a receptor for VEGF-C and VEGF-D (Joukov et al., 

1996). Researchers consider KDR, exclusively expressed in endothelial cells, to be the 

receptor involved in the mediation ofVEGF signaling in endothelial cell. 

When VEGF binds to KDR, a tyrosine kinase signaling pathway is initiated leading 

to MAP-kinase activation and gene expression. A variety of proteins are produced, 

including endothelial cell nitric oxide synthase. This enzyme stimulates production of 

nitric oxide which helps to promote blood vessel permeability, proliferation, migration 

and differentiation into new mature blood vessels (Hood J.D, 1998). It has also been 

reported that KDR plays an important role in activation of the phosphatidylinositol 3-

kinase pathway, a pivotal signal transduction pathway in the process leading to 

endothelial cell survival induced by VEGF-A (Becker et al, 2001). Antibodies raised 

against VEGF can suppress tumor growth in vivo and NV in eyes with AMD (Kim et al., 

1993). Blocking VEGF with specific antibodies is the treatment of choice for NV in 

AMD. The literature suggest many antiangiogenic substances, including IL-l 0, hold huge 

promise for treatments of cancer, arthritis, and ocular neovascularization. 

1.4. ROP mouse model 

When mice, at 7 days of age (P7), are placed in 75% oxygen the levels of hypoxia

inducible factor-la (HIF-la) falls (Ozaki et al, 1999). This decrease in HIF-la levels 

causes a down-regulation of VEGF levels with subsequent damage to, and regression of 

the still delicate retinal vasculature, resulting in large areas of non-perfusion (Pierce et al 

1996). When the mice are returned to room air, the large areas of non-perfusion result in 

hypoxia (Zhang et al, 2003), which triggers the up-regulation of HIF-la (Ozaki et al, 
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1999). As summarized in figure 3, an increase in the levels of HIF -1 a causes an increase 

in the levels ofVEGF mRNA expression and finally VEGF (Pierce et al, 1996). 
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Figure 3. HIF-lo. regulation of VEGF expression. In normoxic conditions, HIF-lo. is 
continuously produced and, in the presence of Fi+ and oxygen, is continuously degraded 
through the Von Hippe/ Lindau protein (VHL)/Ubiquitin/Proteosome pathway. During hypoxia, 
prolyl hydroxylase, which catalyzes the hydroxylation of proline residues in HIF-lo. under 

normal 02 conditions (Schroedl et a/, 2002), is inhibited and HIF-l a accumulates. After 
translocation and combination with the constitutive HIF-1/3. the transcription factor binds to 
hypoxic response element (HRE) sequences to upregulate a number of downstream genes such as 
VEGF. (Figure 5, LaManna eta/, 2004). 

1.5. Interleukin-10 

Our experiments tested the possibility that IL-l 0, an anti-inflammatory cytokine, 

would inhibit NV. IL-l 0 is a pleiotropic cytokine that is produced mainly by 

macrophages, Th2 lymphocytes and 8-lymphocytes. It is a powerful anti-inflammatory 

and immunosuppressive protein that can suppress production of interferon gamma (IFN-
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y), IL-2 and pro-inflammatory cytokines. IL-l 0 can also inhibit proliferation and 

development ofThl cells, monocyte/macrophage cells as well as natural killer (NK) cells 

and their subsequent cytotoxic effects. 

IL-l 0 is also reputed to have powerful antiangiogenic effects and block expression and 

synthesis of TNF-a, VEGF, MMP-9 and hence neovascularization and tumor growth 

(Huang et al, 1999; Steams, 1999). Cervenak et al, (2002) showed IL-l 0 to be quite 

effective in abolishing angiogenicity and tumorigenicity of Burkitt' s lymphoma, and 

Matsumoto (1997) found that IL-10 inhibited VEGF production by leukocytes of patients 

with kidney disease. If IL-l 0 can be shown conclusively to block VEGF production, the 

potential therapeutic implications are vast. The risk of side effects would be low because 

IL-l 0 is a native protein endogenously produced by microglia of the retina (Broderick et 

al, 2000) and shown to be anti-inflammatory (Verwaerde et al, 2003) and neuroprotective 

(Koeberle et al, 2004). Current developments in this field are exciting for both 

researchers and sufferers of various kinds of neovascular diseases of the eye. Given these 

possibilities, research was undertaken to determine the efficacy of IL-l 0 to prevent ocular 

NV. The objective was to create NV in the murine model ROP and to inject IL-10 

intraocularly into 12 day old mice and, finally, to analyze NV in treated and untreated 

eyes. 
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Chapter 2. 

Materials and Methods 

2.1. Mice 

For this study, twenty normal C57BL/6J mice from the Jackson Laboratory (Bar 

Harbor, ME) were used. These mice were housed in the vivarium at Florida Atlantic 

University where the neonates were born. Of the twenty animals used, three expired 

prematurely and three had cataract (Table 1 ). 

2.2. Oxygen exposure 

The oxygen induced ROP model was used for this experiment. At postnatal day 7 

(P7), neonates were divided among three cages, each with one nursing dam and several 

pups. Cages were placed in a hyperoxia chamber (designed and constructed by Dr. 

Dorey) for five days. A control group was placed in the same room and exposed to room 

air (21 %02). Both groups were exposed to 12 hours on I 12 hours off light cycle at 23°C 

(room temperature) and given food and water ad libitum. 

The 0 2 level in the chamber was carefully maintained at 75% ± 1% with medical oxygen 

using a PROOX Model 110 gas Oxygen controller (BioSpherix, Ltd. Redfield, NY). 

Leakage was adjusted to permit a high flow rate (1.5 to 2.0 1/min) to minimize C02 

levels. The chamber was not opened during the five day period but was checked regularly 

to ensure proper functioning. The P 12 experimental animals were removed five days later 

and placed normoxia. At this time, one eye received either an intravitreal injection of IL

l 0 (1 J..I.L of 1 OJ..I.g/ml) or phosphate buffer solution (PBS). Uninfected contralateral eyes 

served as a controls. 
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Prior to injection the animals were anaesthetized by an intra-peritoneal injection of 

ketamin/xylazine solution, 3-3.5f..ll/gram of body weight. [For 5ml of anesthetic: 3.5 ml 

O.lM PBS + 1.2 ml Ketamin (lOOmg/ml) + 0.3ml xylazine (20mg/ml)]. One drop of 

Atropine sulfate (1 %) was applied to the mouse eyes to dilate the pupils to facilitate the 

injection. A topical solution of2.5% methy1cel1u1ose was applied to prevent drying ofthe 

cornea. Toe clipping allowed animal identification. Intravitrea1 injections were performed 

using a Hamilton 801RN lOf..ll syringe. All animals recovered on a heating pad and 

antibiotic ointment (Neomycin + Polymyxin B + Dexamethasone ophthalmic ointment) 

was applied to the site of injection to prevent infection. Both controls and experimental 

animals were returned to the vivarium and left in room air (normoxia) for another five 

days. 
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Tablel. Treatment of animals with IL-l 0 or PBS. 

Mouse Hyperoxia-75% Normoxia Treatment Comments 
Ml X IL-10-L Cataract-L 
M2 X PBS-R Cataract-L 
M3 X IL-10-L 
M4 X IL-10-L 
M5 X IL-10-L 
M6 X PBS-L Cataract-L 
M7 X IL-l 0-L 
M8 X IL-10-L 
M9 X PBS-L 
MlO X IL-10-L 
Mll X No injection 
Ml2 X IL-10-L 
Ml3 X No injection 
M14 X PBS-L 
Ml5 X PBS-R 
M16 X No injection 
Ml7 X No injection 
Ml8 Expired 
Ml9 Expired 
M20 Expired 

Total number of animals used in this experiment and treatment received. Animals were either 
exposed to hyperoxia or room air. One eye received an injection of IL-l 0 and the contra-lateral 
eye received either an injection of PBS or no injection. 
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2.3. Phosphate Buffer Solution 

The PBS solution was made from two freshly prepared stock solutions as follows: 

Stock A (27.6g/1000ml of monobasic sodium phosphate), Stock B (28.4g/1000ml of 

dibasic sodium phosphate).To make 200mls of a O.OlM buffer solution required, 1.9mls 

of stock A, 8.lmls of stock B, and 1.7g NaCl in 200mls total. The pH was adjusted to 7.4 

with hydrochloric acid using a pH meter. After the pH adjustment, 0.04g MgCh and 

0.02g CaCh (hydrous) were added. For PBS with bovine serum antigen (PBS-BSA), .02g 

BSA was added to the freshly prepared batch of the above. All solutes were properly 

dissolved and solutions were stored at 4°c. 

2.4. Tissue Processing 

Twenty animals at P17 were sacrificed by exposure to C02 followed by 

decapitation. The eyes were enucleated with the aid of a dissecting light microscope 

using iridectomy scissors. The cornea was punctured using a stainless steel needle. 

Eyecups were placed in 4% paraformaldehyde (prepared in PBS). Paraformaldehyde 

fixation was chosen since it does not affect lectin binding patterns compared to those of 

frozen sections and has relatively low levels of auto-fluorescence. After two hours, a slit 

was made in the cornea and the eyecup returned to the fixative (4°C). 

Following overnight fixation, the corneas were removed, the lenses excised and the 

eyecups rinsed in several changes of PBS for 12 hours. Thorough rinsing reduces 

background fluorescence associated with formaldehyde fixation. The eyes were 

embedded in acrylamide following the procedure of Blanks and Johnson (1984) using 

freshly prepared ice-cold acrylamide monomer solution to which was added 5J.tllml (vol. : 

vol.) of freshly prepared 10% ammonium per sulfate solution to induce polymerization. 
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A small amount of this mixture was placed in 1.5ml tubes and allowed to polymerize to 

form a "pad". An eyecup was carefully placed on each "pad" and more freshly prepared 

ammonium persulfate/acrylamide mixture added to cover the tissue. Tubes were covered 

and placed in the fridge for two hours to enhance hardening of the gel. Holes were 

punctured in the cap of each tube to facilitate closure without moving the specimen. 

After acrylamide polymerization, the tissue was carefully cut from the tube using a 

moistened razor blade and placed in a small (15mmx 15mmx5mm) plastic freezing mold 

and surrounded by O.C.T. (an embedding medium for frozen tissue specimens to ensure 

optimal cutting temperature). Care was taken to properly position the eye cup. Each tube 

was then gently immersed in liquid nitrogen to freeze the tissue and stored at -80°C. 

2.5. Cryostat sectioning 

Tissue equilibrated for an hour in the cryostat (20°C) to increase the ease of 

sectioning and reduce cracking. Blocks were then removed from the molds and mounted 

on standard cryostat chucks using O.C.T. Blocks were trimmed until the optic nerve was 

barely visible, then every 1Oth section was taken. The first section taken was labeled 

number 1, and then the next was number 11, the next number 21 and so on. For each 

retina, about six sections ( 1, 11, 21, 31, 41 and 51) were mounted on glass slides. Tissues 

were sectioned at 7-lOj..lm in thickness using disposable microtome blades (Richard-Allen 

Scientific, Kalamazoo, Ml) and melted on Poly-L-Lysine coated microscope slides 

(NewComer supply, Middleton, WI) in serial order. Slides were stored at 4°C. There were 

three sections per slide. 
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2.6. Lectin Binding 

Sections were incubated in a humid chamber for 15 minutes in PBS containing 

1mg/ml ofbovine serum albumin (PBS-BSA) followed by rinsing for 10 minutes in PBS. 

Excess buffer was drained off the sections. Prior to staining, each section was encircled 

using liquid-repellent slide marker pen to reduce the possibility of the lectin solution 

losing contact with tissue. Sections were covered with a solution of 20Jlg/ml of 

fluorescein-conjugated Griffonia simplex lectin. All lectin stocks were kept at 4°C, 

diluted in PBS-BSA, and filtered before use. Following lectin binding, sections were 

rinsed in PBS for 15 minutes and coverslipped using Fluoromount-G (Southern Biotech, 

Birmingham, AI). The mounted sections were dried before microscopic examination. 

2.7. Fluorescence microscopy 

An Olympus Provis AX70 fluorescent microscope fitted with an Olympus 

PMC35DX digital camera was used to examine and photograph each retinal section using 

MagnaFire 2.1 software. An UPlan F1 20 x/0.50Ph1 objective lens was used. Images 

were taken sequentially to obtain a complete montage of each section. These were labeled 

alphabetically ( e.g.1 a, 1 b, 1 c, 1 d etc). The lectin-positive vascular profiles in each retinal 

section were clearly observable. Each image taken was properly labeled e.g. (retina 

number, experiment number, date). In order to ensure accurate measurements when using 

Metamorph© analytical software (used to quantify changes in NV), areas were identified 

on each image and served as a landmark to reduce the possibility of counting the same 

vessel twice. Records of each section were kept by sketching areas of overlap. Digital 

images were copied to compact discs for analysis. 
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2.8. Image analysis 

Metamorph© analytical 1magmg software verswn 6.0 (Universal imaging 

Corporation, Downingtown, Pa 19335) was used to interactively analyze the retinal 

sections. Archiving of the retinal images was achieved using Adobe Illustrator®. 

2.9. Determination of retinal vascular area 

The retinal vascular area was analyzed by first outlining the area between the outer 

plexiform layer and inner limiting membrane (Fig.4). Isolation of the blood vessels was 

done by interactive adjustment of a threshold until only the brightly stained fluorescent 

blood vessels were included in the measurement (Figs. 5 & 6). The retinal blood vessel 

area and retinal area were obtained and saved to Microsoft Excel data spreadsheets. The 

percent retinal vascular area was calculated by [(blood vessel area/retinal area xiOO)]. 

Each image of every retina was examined and the average retinal vascular area and 

standard deviation (SD) determined. 
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Figure 4. Retinal section showing measurement of total area. Arrow indicates NV extending 

from the inner retina into the vitreous. 
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Figure 5. Retinal section as it appears in the MetaMorph program before thresholding. 

Figure 6. Retinal section after thresholding. Only fluorescent vessels shown. 

2.1 0. Determination of NV Area. 

Neovascularization (NV), in this study, is defined as the presence of lectin-stained 

blood vessels within or external to the inner limiting membrane, i.e., within the vitreous. 

For those sections which showed NV, the total area of NV was determined by encircling 

the NV and measuring the area of fluorescently tagged vessels. The percent of all blood 

vessels in the section that were truly NV was calculated [(NV blood vessel area/total 
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blood vessel area) x 1 00]. Total retinal blood vessel area was obtained by adding the 

retinal blood vessel and NV areas (zeros denoted areas without NV). Data for each retina 

was obtained by adding the individual sections. 

2.11. Statistical analysis of data. 

Each retina had about six sections and for each section, there were several images. 

For each retina, the average of all the images from each section was determined so that 

each animal was represented by a single data point. The standard deviations were also 

determined. Statistics was performed in Excel using the standard student's unpaired t

test. 
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Chapter 3 

Results 

Of the eleven animals exposed to hyperoxia, NV occurred in all. Representative 

examples are shown in Figure 7. The oxygen exposed animals developed abundant intra-

vitreal neovascularization, as expected, whereas animals in room air showed no NV (Fig. 

8). As summarized in Figure 8, IL-10 inhibited NV area by 79.05 % (p< 0.00004) . The 

IL-10 treated left eyes consistently had less NV area than the untreated contra-lateral 

right eye (Fig. 9) . 

Figure 7. Representative images showing neovascularization in retinas from four different mice 
that had been exposed to oxygen. In each image, NV fronds (white arrows) are found on the 
inner surface of the retina, extending into the vitreous. Original magnification 200X 
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Figure 8. Effect of /L-10 on the NV area. /L-10 injection reduced NV by 79.5 %. The room air 

animals showed no NV. (Means and Standard deviations; ***** = p <0.00004). 

To compare the relative effect of IL-10 on normal vessels and on NV, we examined the 

percent of retina occupied by blood vessels and the percent of vessels that were NV. The 

area of retina occupied by blood vessels (percentage vascular area) and the percent of 

vessels that were neovascular (NV) for each of the oxygen-exposed animals are presented 

in Table 2. The IL-10 injected animals had a NV score of 1.75%± 1.7%, considerably 

lower than the NV score of 8.3 %± 4.0% seen in the uninjected animals (Fig. 1 0). 

21 



ro 
e! 
<( 

> z 

71lll 

2llll 

11lll 

0 

I~ 

[ 

1 

J-o- IL -10 Treated • Contralateral j 

' J ~ 

C: 

0 
L D 

Jl [ r }-
'-

2 3 4 5 6 7 8 

Figure 9. Comparison of NV area in the IL-l 0-injected right eyes and the contralateral 
uninjected left eyes of eight mice. 

IL-l 0 treatment did not alter the area of the intra-retinal vessels (Fig.ll) or the percent of 

retinal area occupied by blood vessels (Fig. 12), suggesting that IL-10 acted selectively. 

Selectivity was further supported by the evidence that neovascularization represented a 

significantly lower percent of the total blood vessel area (in the retina and vitreous) in 

treated eyes than in the untreated eyes (Fig. 1 0). If both types of vessels were affected 

equally, the percent occupied by NV would not change. 
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Figure 10. Effect of IL- I 0 on the NV Area; (Expressed as a percent of total retinal 
Q_lood y_essel g_rea; %RBVA) in animals exposed to hyperoxia. IL-l 0 significantly reduced 
the %RBVA (P<0.002; Means and Standard Deviation). 
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Table 2. Vascular areas in hyperoxia-exposed animals. 

Contralateral 
uninjected eyes Injected eyes 

%vascular %vascular 
Animal# area %NV area Injected area %NV area 

1 0.23 0.47 * 
2 1.99 5.28 * 
3 1.15 8.32 IL-10 1.27 1.12 
5 2.92 10.25 IL-10 0.36 4.41 
6 1.56 6.72 PBS 0.64 8.02 
8 3.67 11.47 IL-10 1.72 2.35 
10 1.76 15.86 IL-10 3.14 0.6 
12 3.02 7.42 IL-10 1.78 0.24 
13 1.64 9.91 * 
13 0.46 5.29 * 
15 1.36 10.70 PBS 0.01 0 

The percent of the retinal area occupied by blood vessels (percentage vascular area) and 
the percent of all vessels that were within the vitreous (percentage NV area) determined 
in IL-l 0 injected and contralateral eyes of mice exposed to hyperoxia (* = Retinal 
sections rejected due to problems during cryosectioning). 
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Figure 11. Effects of IL-l 0 on total area of blood vessels in retinas from mice exposed to 
hyperoxia (Means + Standard Deviation). 
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Figure 12. Effects of IL-l 0 on the percent of retinal area occupied by blood vessels from mice 

exposed to hypoxia (Means + Standard Deviation). 
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Chapter 4. 

Discussion 

The murine ROP (retinopathy of prematurity) model provides a useful tool to 

investigate the effects of IL-l 0 on ocular neovascularization. Neonatal mice exposed to 

hyperoxia develop ocular NV when returned to room air (Smith, 1994). Of the twenty 

animals in this experiment, three developed a cataract and three died prematurely during 

elevated oxygen exposure. The cataract development may have been caused by damage 

to the lens as a result of the intraocular injection. Despite these minor problems the 

results are encouraging. 

Using this model we have demonstrated that IL-10 treatment caused reduction in NV 

(Table 2 and Fig. 10). Of the eleven animals exposed to hyperoxia all developed NV. A 

comparison of IL-l 0 injected right eyes with contra-lateral uninjected eyes of eight mice 

(where data was available for both eyes) showed that IL-10 consistently lowered the NV 

area (Fig. 8). Our results are significant and consistent with the findings of Kohno et al, 

(2003) who demonstrated that IL-10 reduced angiogenesis in tumors formed by two 

ovarian cancer cell lines. Earlier, similar reports demonstrated that IL- l 0 can inhibit 

tumor development in Burkitt' s lymphoma (Cervenak et al 2000). Cervenak further 

suggested that this inhibition of tumor growth was due to IL-l 0' s direct anti -angiogenic 

activity. It has also been showed that IL-l 0 significantly reduced ischemia-induced 

angiogenesis in a mouse hind limb model of NV (Silvestre, 2000). Huang (1996) 

demonstrated that IL-l 0 suppressed tumorigenicity in nude mice by inhibiting NV, and 

this anti-angiogenic effect was due to down-regulation ofVEGF. 
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IL-l 0 might have a direct effect on VEGF by down regulation of its production. 

Alternatively IL-l 0 may not act by completely blocking VEGF production, but instead by 

reducing VEGF to levels that no longer support NV. However, IL-10 is known to not 

only reduce VEGF expression, but also to act as an anti-inflammatory agent suppressing 

macrophage activation and cyclooxygenase-2 (Cox-2) expression. Inhibitors of Cox-2 are 

known to suppress NV. Mertz (1994) and later Tsujii (1998) have suggested that IL-10 

may inhibit Cox-2 which is known to stimulate the angiogenic process by up-regulating 

VEGF. In addition, Steams et al (1999) found that IL-l 0 inhibits secretion of matrix 

metalloproteinases (MMP2 and MMP9) which are considered essential for vessel growth. 

In order to fully examine the promising therapeutic potential of IL-l 0, further research is 

needed to determine the targets of its antiangiogenic action. 

In addition to its effect on NV, we observed that IL-10 treatment had essentially no 

effect on total area of retinal blood vessels in animals exposed to hyperoxia. Anti

angiogenic agents, especially those targeting VEGF, act on both developing blood vessels 

and NV. IfiL-10 works by suppressing VEGF, it would be expected to have no effect on 

mature blood vessels, but would cause regression of newly formed vessels and would 

inhibit further growth of developing vessels. During the post oxygen-exposure period, 

intra-retinal vessels repaired equally well in the IL-l 0 treated and untreated eyes (Figs.ll 

and 12). In contrast, IL-l 0 inhibited NV growth. The fact that IL-l 0 appears to reduce 

NV in affected areas of the retina while leaving normal vessel repair intact, is of potential 

therapeutic significance. This is especially important in infants with ROP. When 

premature infants are placed in hyperoxia, there is down-regulation of HIF -1 a and 

subsequently VEGF. This down-regulation of VEGF results in damage to and regression 
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of the retinal blood vessels resulting in areas of non-perfusion (Ozaki et al, 1999). When 

infants are returned to room air, these areas of non-perfusion become ischemic and 

trigger VEGF production, resulting in NV growing into the vitreous. The current 

treatment strategy for babies with ROP is to apply several laser bums to the peripheral 

avascular region of the retina. This ablates the ischemic area of the retina, reducing 

VEGF and resulting in regression of the vessels growing over the central macular region 

of the eye. While it causes severe loss of peripheral vision, this procedure preserves more 

functional vision and prevents total blindness. (Hurley et al., 2006). 

NV in diabetic retinopathy also results in vessel growth into the vitreous. Clinical 

treatment involves placing a grid of small laser bums over the entire retina to reduce the 

oxygen required by the retina, and thus reducing hypoxia. 

An optimal anti-angiogenic agent for both ROP and diabetic retinopathy would treat 

the NV, while leaving the other retinal vessels intact. Our data on IL-l 0 suggests this is 

feasible. The fact that IL-l 0 is produced in the retina and helps maintain immune 

regulation in the eye further enhances the significance of this work. 

If IL-10 is functioning as an anti-inflammatory agent in suppressing NV, our data 

strongly suggest that IL-10 could be an effective treatment for the "wet" form of AMD. 

Interestingly IL-l 0 is reported to be neuroprotective and might also help preserve 

photoreceptors. In both forms of AMD, NV occurs after long periods of the disease and 

recurrent episodes are common. A single injection of IL-l 0 with its very short half life of 

three to five hours would not work; sustained release would therefore be desirable. Slow 

release pellets could be surgically placed into the eye to prolong the treatment period for 

diabetic retinopathy. Gene therapy also shows potential as an effective treatment strategy. 
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For example, cells transfected with the IL-l 0 gene could be encapsulated and placed in 

the vitreous to express IL-l 0. These cells would secrete IL-l 0 continuously hence solving 

the problem of the short half life of IL-l 0. Gene therapy is likely to have an advantage 

over repeated intravitreal injections, which carry the risk of causing infection and cataract 

development. 

In summary, we have demonstrated that IL-10 significantly reduced NV in the 

murine model of ROP. We have also shown that IL-10 has no effect on the total retinal 

blood vessel area of hyperoxia-exposed animals, indicating that IL-l 0 is acting 

selectively. Although the exact mechanism of action of IL-10 is still not certain, these 

findings suggests that the use of IL-l 0 as an antiangiogenic agent may be beneficial in 

the treatment of patients with diabetic retinopathy, wet AMD and/or ROP. 

30 



5. REFERENCES 

Arras M, Ito WD, Scholz D, Winkler B, Schaper J, Schaper W. Monocyte activation in 
angiogenesis and collateral growth in the rabbit hindlimb. J. Clin. Invest. 1998; 101: 40-
50. 

Becker PM, Verin AD, Booth MA, Liu F, Birukova A, Garcia JG. Differential regulation 
of diverse physiological responses to VEGF in pulmonary endothelial cells. Am J Physiol 
Lung Cell Mol Physiol. 2001; 281 :L 1500-11. 

Blanks JC, Johnson LV. Application of aery/amide as an embedding medium in studies of 
lectin and antibody binding in the vertebrate retina. Curr Eye Res.1984; 3:969-74. 

Broderick C, Duncan L, Taylor N, Dick AD. IFN-gamma and LPS-mediated IL-10-
dependent suppression of retinal microglial activation. Invest Ophthalmol Vis Sci. 2000; 
41:2613-22. 

Carrneliet P. Angiogenesis in health and disease. Nat. Med. 2003 ; 9:653-660. 

Cervenak L, Morbibelli L, Donati D, Donnini S, Kambayashi T, Wilson JL, Alexon H, 
Castanos-Velez E, Ljunggren H, Malefyt R, Granger HJ, Ziche M, Bejarano MT. 
Abolished angiogenicity and tumorigenicity of Burkitt lymphoma by inter/eukin-10. 
Blood 2002; 96:2586-2573. 

de Vries JE. Immunosuppressive and anti-inflammatory properties ofinterleukin 10. Ann 
Med. 1995; 27:537-41. 

Dorey CK, Aouididi S, Reynaud X, Dvorak HF, Brown LF. Correlation of vascular 
permeability factor/ vascular endothelial growth factor with extraretinal 
neovascularization in the rat. Arch. Ophthalmol. 1996; 114:1210-17. 

Dowling JE. The Retina: An Approachable Part of the Brain. Cambridge, Mass:Belknap 
Press 1987. 

Eichler W, Yafai Y, Wiedemann P, Reichenbach A. Angiogenesis-related factors derived 
from retinal glial (Muller) cells in hypoxia. Neuroreport. 2004; 15: 1633-37 

Eriksson U, Alitalo K. Structure, expression and receptor-binding properties of novel 
vascular endothelial growthfactors. Curr. Top. Microbiol. Immunol. 1999; 237:41-57 

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat. Med. 
2003; 6: 669-76. 

Ferrara N, Henzel W J. Pituitary follicular cells secrete a novel heparin-binding growth 
factor specific for vascular endothelial cells. Biochem. Biophys. Res. Commun. 1989; 
161:851-858. 

31 



Fong DS, Aiello L, Gardner TW, King GL. Retinopathy in diabetes. Diabet. Care, 
Volume 27, (supplement I) 2004. 

Gogat K, Le Gat L, Van Den Berghe L, Marchant D, Kobetz A, Gadin S, Gasser B, 
Quere I, Abitbo M, Menasche M. EGF and KDR gene expression during human 
embryonic and fetal eye development. Invest. Ophthal. Vis. Sci. 2004; 45: 7-14. 

Hamilton TA, Ohmori Y, Tebo J. Regulation of chemokine expression by 
antiinflammatory cytokines. Immuno/. Res. 2002; 25:229-45. 

Haroon Parupia, MF, Dhanireddy R. Association of postnatal dexamethasone use and 
fungal sepsis in the development of severe· retinopathy of prematurity and progression to 
laser therapy in extremely /ow-birth-weight infants. J. Perinatol. 2001; 21: 242-247. 

Hashimoto T, Zhang XM, Chen BY, Yang XJ. VEGF activates divergent intracellular 
signaling components to regulate retinal progenitor cell proliferation and neuronal 
differentiation. Devel. 2006; 133:2201-10. 

Hata Y K, Nakagawa K, Sueishi T, Ishibashi H. Hypoxia-induced expression of vascular 
endothelial growth factor by retinal glial cells promotes in vitro angiogenesis. Virchows 
Arch. 1995; 426:479-86. 

Herve MA, Meduri G, Petit FG, Domet TS, Lazennec G, Mourah S, Perrot-Applanat M. 
Regulation of vascular endothelial growth factor (VEGF) receptor F/k-1/KDR by 
estradiol through VEGF in uterus. J. Endocrinol. 2006; 188: 91-99. 

Hood J, Meininger C, Ziche M, Granger H. VEGF upregulates ecNOS message, protein, 
and NO production in human endothelial cells. Am. J Physiol. Heart Circ. Physio/. 1998; 
274: H1054-H1058. 

Huang S, Ullrich SE, Bar-Eli M. Regulation of Tumor Growth and Metastasis by 
Inter/eukin-1 0: The Melanoma Experience. J. Interferon Cytokine Res. 1999; 19:697-703 

Huang S, Xie K, Bucana CD, Ullrich SE, Bar-Eli M. Inter/eukin-10 suppresses tumor 
growth and metastasis of human melanoma cells: potential inhibition of angiogenesis. 
Clin. Cane. Res. 1996; 2:1969-79. 

Hurley BR, Mcnamara JA, Fineman MS, Ho CA, Tasman W, Kaiser RS, Vander JF, 
Regillo CD, Brown GC. Laser treatment for Retinopathy of Prematurity:Evolution in 
Treatment Technique Over 15 Years . Retina. 2006; 26:816-7. 

Johnson, PT, Lewis, GP, Talaga, KC, Brown, MN, Kappel, P.J., Fisher, SK Anderson, 
DH, Johnson, LV Drusen-associated degeneration in the retina. Invest. Ophthal. Vis. 
Sci. 2003; 44: 4481-4488 

32 



Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, Saksela 0 , 
Kalkkinen N, Alitalo K. Proteolytic processing regulates receptor specificity and activity 
ofVEGF-C. The EMBO. J. 1997; 16: 3898-3911. 

Kim KJ, LI B, Winer J, Armanini M, Gillett N, Phillips HS, Ferrara N. Inhibition of 
vascular endothelial growth factor-induced angiogenesis suppresses tumor growth in 
vivo. Nature. 1993; 362:841-4. 

Koeberle PD, Gauldie J, Ball AK. Effects of adenoviral-mediated gene transfer of 
interleukin-1 0, interleukin-4 and transforming growth factor-beta on survival of 
axotomized retinal ganglion cells. Neurosci. 2004; 125:903-20. 

Kohno T, Mizukami H, Suzuki M, Saga Y, Takei Y, Shimpo M, Matsushita T, Okada T, 
Hanazono Y, Kume A, Sato I, Ozawa K. Interleukin-10-mediated inhibition of 
angiogenesis and tumor growth in mice bearing VEGF-producing ovarian cancer. Cane. 
Res. 2003; 63:5091-5094. 

Li J, Post M, Yolk R, Gao Y, LiM, Metais C, Sato K, Tsai J, Aird W, Rosenberg RD, 
Hampton TG, Sellke F, Carmeliet P, Simons M. PR39, a peptide regulator of 
angiogenesis. Nat. Med. 2000; 6: 49-55. 

Matsumoto K. Interleukin-1 0 inhibits vascular permeability factor released by peripheral 
blood mononuclear cells in patients with lipoid nephrosis. Nephron. 1997; 7 5: 154-9. 

Mertz PM, Dewitt DL, Stetler-Stevenson WG, Wahl LM. Interleukin 10 suppression of 
monocyte prostaglandin H synthase-2. Mechanism of inhibition of prostaglandin
dependent matrix metalloproteinase production. J. Biol. Chern. 1994; 269: 21322 -
21329. 

Miller JW, Adamis AP, Shima DT, D' Amore PA, Moulton RS, O'Reilly MS, Folkman J, 
Dvorak HF, Brown LF, Berse B. Vascular endothelial growth factor/ vascular 
permeability factor is temporally and spatially correlated with ocular angiogenesis in a 
primate model. Am. J. Pathol. 1994; 154:574-84. 

Mitchell J, Bradley C. Quality of life in age-related macular degeneration: a review of 
the literature. Health Qual. Life Outcomes.2006; 4:97. 

Ozaki H, Yu A Y, Della N, Ozaki K, Luna JD, Yamada H, Hackett SF, Okamoto N, Zack 
DJ, Semenza GL, Campochiaro PA. Hypoxia inducible factor-] alpha is increased in 
ischemic retina: temporal and spatial correlation with VEGF expression. Invest. 
Ophthalmol.Vis. Sci.1999; 40:182-9. 

Parikh A, Fan F, Liu WB, Ahmad SA, Stoeltzing 0, Reinmuth N, Bielenberg D, Bucana 
CD, Klagsburn M, Ellis LM. Neuropilin-1 in human colon cancer expression, regulation, 
and role in induction of angiogenesis. Am.J. Pathol.2004; 164:2139. 

Pierce, E A, Foley ED, Smith L E. Regulation ofvascular endothelial growthfactor by 
oxygen in a model of retinopathy of prematurity. Arch. Ophthalmol. 1996; 114:1219-28 

33 



Pro vis JM, Leech J, Diaz CM, Penfold PL, Stone J, Keshet E. Development of the human 
retinal vasculature: cellular relations and VEGF expression. Exp. Eye Res.1997; 65:555-
68. 

Renaud X, Dorey CK. Extraretinal neovascularization induced by hypoxic episodes in 
the neonatal rat. Invest. Ophthalmol. Vis. Sci. 1994; 35:3169-77. 

Richardson RS, Wagner H, Mudaliar SRD, Saucedo E, Henry R, Wagner PD. Exercise 
adaptation attenuates VEGF gene expression in human skeletal muscle. Am. J. Physiol. 
Heart Circ. Physiol. 2000; 279: H772-H778. 

Rsenikoff, S, Pascolini D, Etya'ale D, Kocur I, Pararajasegaram R, Pokharel GP, Mariotti 
SP. Global data on visual impairment in the year 2002. Bull. World Health Organ. 2004; 
82:844-51. 

Schroedl C, Mclintock DS, Budinger G R S Chandel NS. Hypoxic but not anoxic 
stabilization of HIF-1CX requires mitochondrial reactive oxygen species. Am. J. Physiol. 
Lung Cell Mol. Physiol. 2002; 283: L922-L931. 

LaManna JC, Chavez JC, Pichiule P. Structural and functional adaptation to hypoxia in 
the rat brain. J. Exp. Bioi. 2004; 207:3163-3169. 

Silvestre J, Mallat Z, Duriez M, Tamarat R, Bureau MF, Scherman D, Duverger N, 
Branellec D, Tedgui A, Levy BI. Antiangiogenic effect of inter/eukin-10 in ischemia
induced angiogenesis in mice hindlimb. Circ. Res. 2000; 87:448-452. 

Smith, LE, Wesolowski E, Mclellan A, Kostyk SK, D' Amore R, Sullivan R, D' Amore 
P A. Oxygen-induced retinopathy in the mouse. Invest. Ophthalmol. Vis. Sci. 1994; 
35:101-11. 

Stalmans I. Role of vascular endothelial growth factor isoforms in retinal angiogenesis 
and DiGeorge syndrome. Verh K Acad Geneeskd Belg 2005; 67:229-76. 

Steams M, Rhim J, Wang M. Interleukin 10 (1L-10) Inhibition of Primary Human 
Prostate Cell-induced Angiogenesis. Clin. Cane. Res.1999; 5:189-196. 

Stone J, Itin A, Alon T, Pe'er J, Gnessin H, Chan-Ling T, Keshet E. Development of 
retinal vasculature is mediated by hypoxia-induced vascular endothelial growth factor 
(VEGF) expression by neuroglia. J. Neurosci.1995; 15:4738-47. 

Sunderkotter C, Steinbrink K, Goebeler M, Bhardwaj R, Sorg, C. Macrophages and 
angiogenesis. J. Leukocyte Bioi. 1994; 55: 410-422. 

Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois NR. Cyc/ooxygenase 
regulates angiogenesis induced by colon cancer cells. Cell. 1998; 93:705-716. 

Verwaerde C, Naud MC, Delanoye A, Wood M, Thillaye-Goldenberg B, Auriault C, de 
Kozak Y. Ocular transfer of retinal glial cells transduced ex vivo with adenovirus 

34 



expressing viral IL-10 or CTLA4-lg inhibits experimental autoimmune uveoretinitis. 
Gene Ther. 2003; 10:1970-81. 

World Health Organization. Magnitude and causes of visual impairment: Report November 
2004. http://www. who. int/mediacentre/factcheets/fs282/en/ 

Witmer AN, Vrensen GF, Van Noorden CJ, Schlingemann RO. Vascular endothelial 
growthfactors and angiogenesis in eye disease. Prog. Retin Eye Res. 2003; 22:1-29. 

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific 
growth factors and blood vessel formation. Nature. 2000; 407:242-8. 

Yang X, Cepko CL. Flk-1, a receptor for vascular endothelial growthfactor (VEGF), is 
expressed by retinal progenitor cells. J. Neurosci.1996; 16:6089-99. 

Yi X, Mai L, Uyama M, Yew DT. Time-course expression of vascular endothelial 
growth factor as related to the development of the retinochoroidal vasculature in rats. 
Exp. Brain Res.1998; 118:155-60. 

Zhang W, Ito Y, Berlin E, Roberts R, Berkowitz BA. Role of hypoxia during normal 
retinal vessel development and in experimental retinopathy of prematurity. Invest. 
Ophthalmol. Vis.Sci. 2003; 44:3119-23. 

35 




	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047

