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CHAPTER I 

 

BACKGROUND AND SIGNIFICANCE 

 

1.1 Angiogenesis 

 

Angiogenesis is the formation of new capillaries from the existing 

vasculature. Angiogenesis is an essential part of female reproductive functions, 

embryonic growth and development, and tissue repair and regeneration. 

However, even in these circumstances, angiogenesis is strictly regulated and 

briefly activated (1). Many pathological processes, such as arthritis and 

tumorigenesis, are characterized by persistent, abnormal angiogenesis. 

The microvasculature consists of endothelial cells and their basement 

membranes, and pericytes. The vascular endothelium is relatively quiescent, with 

one of the most infrequent rates of mitotic division in the body, dividing 

approximately once every three years (2). Certain pathological conditions, 

however, change the resting phenotype to an angiogenic phenotype, resulting in 

the establishment of a new capillary network. Studies have shown that 

angiogenesis is a well-defined process that occurs in the following stages (3-8):  

 Angiogenic growth factors are released in response to tissue injury    

           and hypoxia.  

 Endothelial cells produce proteinases that degrade the 

microvascular basement membrane and the extracellular matrix. 
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 Endothelial cells migrate through the basement membrane and  

           extracellular matrix.  

 Endothelial cells proliferate, and form tubes and lumena. 

 Nascent endothelial cell tubes anastomose, forming a vascular  

           network. 

 Smooth muscle cells and pericytes are recruited to the vasculature,  

           leading to microvascular stabilization. 

 

1.2 Ocular angiogenesis 

 

Pathological ocular angiogenesis is commonly referred to as ocular 

neovascularization (NV). NV is a central feature of retinopathy of prematurity 

(ROP), proliferative diabetic retinopathy (PDR), and age-related macular 

degeneration (AMD); the leading causes of blindness in infants, working age 

individuals, and the elderly, respectively (9-11). Although NV tends to occur at a 

relatively late stage in the course of many ocular disorders, it is nonetheless a 

highly attractive target for therapeutic intervention, because it represents a final 

common process in diseases that are multi-factorial in etiology, and it is the event 

that leads directly to vision loss. Vision loss is due to the pathologic nature of the 

blood vessels that develop in these disease conditions; they are fragile, non-

patent, and leaky, and fibrovascular proliferation and migration into the vitreous 

ultimately leads to tractional retinal detachment. 
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A recent review article employed multiple epidemiologic studies and U.S. 

census data to estimate the prevalence of ROP, PDR, and AMD (12). Based on 

this work, individuals affected by neovascular forms of ROP, DR, and AMD 

collectively number well into the millions of Americans. Other retinal conditions 

with neovascular sequelae, such as sickle cell retinopathy and vascular occlusive 

disorders, are less prevalent, but remain clinically significant.  

Prior to 2005, laser photocoagulation was the prevailing treatment for 

conditions characterized by ocular NV. Laser photocoagulation involves 

cauterizing blood vessels with the heat of a fine-point laser beam. This ablative 

approach offers short-term benefits to certain subgroups of patients (13-15), but 

is associated with significant adverse effects (16,17). Laser photocoagulation 

burns and destroys part of the retina, and therefore results in some permanent 

vision loss. Laser photocoagulation may cause some loss of central and 

peripheral vision, worsened night vision, and a decreased ability to focus. 

Moreover, because this approach fails to address the underlying stimuli that 

initiate pathologic blood vessel growth, it is associated with high rates of 

persistent and recurrent disease (14,18), accompanied by an increased 

frequency of severe vision loss (19). 

Because of the clear limitations of this treatment for ocular NV, there is a 

compelling need to develop new, rational therapeutic approaches. One attractive 

approach is to target the underlying pro-angiogenic stimuli, so as to achieve a 

sustained therapeutic effect. The development of such treatments depends on a 

clear understanding of the cellular and molecular processes involved in 
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angiogenesis, and of the specific characteristics of these processes within the 

tissues of the eye. 

 

1.3 Molecular mechanisms of ocular angiogenesis 

 

Ischemia-induced hypoxia is a central feature of ROP and PDR, and may 

worsen AMD, and other neovascular disorders of the eye. It has long been 

accepted that hypoxia stimulates retinal angiogenesis (20,21). In 1948, 

Michaelson first proposed that retinal hypoxia stimulates the production of a 

diffusible angiogenic factor. Since that time, various pro-angiogenic growth 

factors have been identified, each mediating a number of diverse angiogenic cell 

behaviors. Of the growth factors involved in retinal angiogenesis, VEGF-A is 

thought to be a principal mediator (22). 

VEGF-A is the prototypical member of the VEGF family of growth factors.  

This family includes placental growth factor (PlGF), VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, and the virus encoded VEGF-E. VEGF-A is hereafter referred to as VEGF.  

VEGF is a 46 kD homodimeric glycoprotein that serves as a cell survival factor, 

vasopermeability factor, and angiogenic growth factor (23). VEGF protein is 

produced via alternative splicing of a single VEGF gene, yielding five distinct 

variants comprised of 121, 145, 165, 189, and 206 amino acids (24). The 121, 145, 

and 165 variants are diffusible, whereas the larger VEGF variants (189 and 206) 

remain bound to the cell surface and the extracellular matrix through their interaction 

with, and binding affinity for, heparin (25). Major splice variants, and the exons that 
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comprise them, are depicted in Figure 1. Exons 1–5 contain the VEGF receptor-

binding domain, while exons 6 and 7 contain heparin-binding domains.  

Hypoxia has been shown to regulate VEGF activity at the level of: gene 

transcription, mRNA stability, translation, and protein secretion (26). Chronic 

tissue hypoxia induces VEGF production through the transcriptional activator 

hypoxia-inducible factor 1 (HIF-1).  HIF-1 accumulates as a result of low oxygen, 

Figure 1. The associations between VEGF family members and the VEGF receptors. Also 
shown are the major VEGF variants formed by alternative splicing of the VEGF gene. The 
splice variants differ in their expression of exons 6 and 7, which mediate heparin binding, and 
therefore, the solubility of the splice variants. 
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binds to hypoxia response elements (HREs) in the promoter regions of various 

genes, and stimulates the expression of hypoxia-inducible genes and angiogenic 

growth factors like VEGF (27-31). In the retina, hypoxia-induced VEGF 

production has been demonstrated most consistently and dramatically in the 

Müller cells, the predominant glial cells within the retina (32-34). 

VEGF production is also regulated by stimuli other than hypoxia. In fact, a 

variety of stimuli, including other growth factors, cytokines, hormones, and 

cellular stressors activate VEGF, particularly at the level of transcription. These 

stimuli ultimately activate various transcription regulatory factors, which bind to 

promoter regions on the VEGF gene. Some of the transcription factors that bind 

to VEGF promoter regions and activate VEGF transcription are: AP-1, AP-2, 

CREB, Egr-1, HIF, Sp1, Sp3, and STAT3 (for a comprehensive review, see 35). 

After VEGF is produced and secreted by Müller cells, and to a lesser 

extent other cell types, it binds with high affinity to its cognate tyrosine kinase 

receptors expressed on the surface of endothelial cells, VEGFR-1 (Flt-1) and 

VEGFR-2 (KDR or Flk-1) (23). VEGF-VEGFR signaling plays a critical role in the 

physiological angiogenesis that takes place as a normal part of embryonic growth 

and development. Inactivation of even a single allele of the VEGF gene results in 

embryonic lethality (36). Formation of blood vessels is severely impaired in mice 

lacking a single allele of the VEGF gene. VEGF knockout embryos also 

demonstrate defective vasculogenesis, large vessel formation, capillary 

sprouting, and remodeling of the yolk sac vasculature. Furthermore, inactivation 

of either Flt-1 or Flk-1 results in embryonic lethality (37,38). Flt-1 null mice exhibit 
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vascular disorganization. Flk-1 null mice exhibit severely disrupted 

hematopoiesis, vasculogenesis, and endothelial cell differentiation. These 

findings point to the importance of VEGF and its receptors in physiological, 

developmental angiogenesis. By extension, retinal vascular development is 

dependent upon VEGF signaling. 

Findings from several studies demonstrate the importance of, and 

interaction between, VEGF and the VEGFRs, to the development of the retinal 

vasculature (39-45). In both humans and animals, VEGF expression is first seen 

in astrocytes, which are located adjacent to the inner limiting membrane of the 

retina. The astrocytes, and VEGF expression, advance from the optic nerve-head 

towards the retinal periphery. This wave of VEGF expression precedes the 

development of the retina’s superficial vascular net (40,42,46,47). Once the 

vessels reach the peripheral extent of the retina, VEGF expression disappears 

from the superficial vascular net, and is instead expressed by Müller cells in the 

inner nuclear layer of the retina (40). This second wave of VEGF expression is 

responsible for driving the development of the retina’s deep vascular net.  In 

total, these studies demonstrate that VEGF expression in the retina is both 

temporally and spatially related to the development of the retinal vasculature.  

 Mice expressing only VEGF-164 demonstrate normal retinal vascular 

development. Alternatively, mice expressing only VEGF-120 demonstrate 

retarded venous and arterial development; and mice expressing only VEGF-188 

demonstrated normal venous development, but little retinal arterial growth (48).  
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While both VEGFR-1 and VEGFR-2 play critical regulatory roles in 

developmental angiogenesis, the neovascular effects of VEGF are primarily 

mediated through VEGFR-2 signaling (49). Upon VEGF binding, VEGFR-2 

dimerization and tyrosine autophosphorylation initiate complex signal transduction 

cascades that result in diverse endothelial cell behaviors. These VEGF-induced 

behaviors include survival, proliferation, migration, and nitric oxide production 

leading to increased vascular permeability (23,50-54). Thus, VEGF signaling through 

Figure 2. VEGFR-2 signaling pathways leading to angiogenic endothelial cell activities. 
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VEGFR-2 activates the angiogenic phenotype in endothelial cells, and these 

behaviors result in retinal NV (Figure 2). 

Inhibition of VEGF using anti-sense oligonucleotides, chimeric proteins, 

monoclonal antibodies, and VEGF peptides has been shown to inhibit oxygen-

induced retinal angiogenesis in animals and humans (55-58). Inhibition of KDR, 

and the use of soluble Flt-1 have both been proven efficacious at reducing the 

severity of retinal NV in animal models of ocular angiogenesis (59, 60). The 

results obtained lend support to the strategy of targeting VEGF induction and/or 

activity as an appropriate ocular therapeutic modality. 

 

1.4 Current treatments 

 

VEGF is widely regarded as a principle growth factor mediating the 

development of ocular NV (22). This belief has led to the development of a class 

of therapeutics for the treatment of neovascular AMD based on VEGF 

antagonism (61,62). These treatments are the only FDA-approved alternatives to 

ablative laser photocoagulation, previously discussed. VEGF antagonists 

currently employed in clinical practice include: pegaptanib (Macugen®, Pfizer), 

an RNA-like aptamer that binds and inhibits VEGF-165, the predominant 

pathologic splice variant of VEGF; bevacizumab (Avastin®, Genentech), a 

humanized mouse monoclonal antibody to human VEGF that was approved for 

systemic administration in the treatment of cancer, but is used off-label in the 

treatment of AMD; and ranibizumab (Lucentis®, Genentech), the F(ab) fragment 
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of an anti-VEGF similar to Avastin®, which is approved for use in AMD. The 

therapeutic efficacy of these VEGF antagonists has been remarkable, although 

there are important limitations that stem, in part, from the requirement to 

administer the antagonists by frequently repeated intravitreal injections. In 

addition to the discomfort and costs associated with the procedures, this 

approach leads to high peaks levels and prolonged trough levels of antagonist, 

during which time it is sub-therapeutic. This unfavorable pharmacokinetic profile 

may contribute to reduced efficacy, as exemplified by the incomplete arrest of 

disease progression observed in many patients, and the frank resistance to 

therapy that characterizes others. Periods of very high levels of the antagonist 

may contribute to both local and systemic toxicity. Morbidity related to the 

intravitreal injections is another important limitation of the current treatment 

regimen (63). The most frequent and problematic injection-related toxicity is the 

development of endophthalmitis, a potentially blinding condition (64), observed at 

a rate as high as 1.3% per patient per year in clinical studies. This toxicity is 

expected to rise as the treatment becomes part of standard practice and is 

performed outside of the rigorous settings of clinical trials in academic centers.  

Finally, it remains unclear if chronic administration of anti-VEGF drugs will exert a 

negative influence on the retinal neurons that are known to express VEGF 

receptors or on the sensitivity and responsivity of the retinal or choroidal 

vasculature to VEGF stimulation. In fact, it is likely that chronic inhibition of VEGF 

may lead to increased VEGF receptor expression (our unpublished findings), 

which may worsen the angiogenic response if the therapy is not maintained.  
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Thus, although VEGF-centric therapies clearly reduce NV, they do not 

completely eliminate it. Combination therapies, or therapies that simultaneously 

target more than one point along the angiogenic cascade (e.g. up- and down-

stream of VEGF receptor activation), are an unmet need in ophthalmology. 

Therapeutics designed to target the angiogenic cascade at more than one point 

have the potential to provide a more powerful and effective therapeutic target for 

angiogenic diseases of the eye. In order to design such therapeutics, a solid 

understanding of the molecules with more than one role in the process is 

necessary. 

 

1.5 COX-2 

 

The cyclooxygenase (COX) enzymes are responsible for catalyzing the 

production of prostaglandin H2 (PGH2) from membrane-derived arachidonic acid. 

PGH2 is an unstable intermediate that is rapidly converted, by tissue- and cell-

specific synthases, to biologically active prostaglandins (PGD2, PGE2, PGF2, 

PGI2) and thromboxanes (TXA2) (Figure 3). There exist at least two isozymes of 

COX, COX-1 and COX-2, the products of two different genes located on two 

different chromosomes. The two enzymes catalyze identical reactions and retain 

60% amino acid sequence identity. COX-1, however, is typically regarded as a 

housekeeping enzyme whose constitutive expression and prostanoid 

[prostaglandin (PG) and thromboxane] products are responsible for maintenance 

of the gastric mucosa, platelet aggregation, and regulation of the renal 
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vasculature (65). COX-2, on the other hand, is the product of an immediate early 

gene, and it can be induced by mitogens, cytokines, and tumor promoters (66).  

Once the COX enzymes catalyze their production, prostanoids bind to 

their cognate G-protein-coupled receptors (GPCRs) on the surface of target cells. 

The receptors determine the extent and biological activity of the prostanoids. 

PGF2, PGI2, and TXA2 signal through the FP, IP, and TP receptors, respectively. 

PGD2 signals through the DP and CRTH2 receptors. PGE2 signals through the 

EP1, EP2, EP3, and EP4 receptors. Signaling through DP, IP, EP2, and EP4 

Figure 3. The cyclooxygenase cascade. In response to some stimulus, cPLA2 liberates 
arachidonic acid from membrane phospholipids. The COX and prostanoid synthase enzymes 
then convert arachidonic acid to the five biologically active prostanoids. 
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stimulates the activation of adenylyl cyclase (AC), resulting in increased cyclic 

AMP (cAMP) production. Signaling through EP3 and CRTH2 results in reduced 

cAMP production. Signaling through FP, TP, and EP1 results in calcium 

mobilization (67). The precise tissue-specific and cell-specific signaling pathways 

and the biological roles mediated by each of the prostanoid receptors have yet to 

be determined. 

COX-2 is elevated in various cancers, including colorectal cancer. Patients  

who regularly take non-steroidal anti-inflammatory drugs (NSAIDs) for the 

treatment of chronic pain and heart disease demonstrate a 40-50% reduction in 

the incidence and severity of colorectal cancer (68). NSAIDs are compounds that 

inhibit the activity of the COX enzymes. These findings led to the suggestion that 

COX-2 and the prostanoids may act as tumor promoters (69,70).  At least one 

tumor-promoting function of the prostanoids is the stimulation of angiogenesis 

(71-73). 

The prostanoids exhibit angiogenic effects both up- and downstream of 

growth factor production. Upstream, the prostanoids have been shown to 

mediate the expression of pro-angiogenic molecules. They have been shown to 

induce VEGF and bFGF in various cell types (70,74-76). Researchers studying 

angiogenesis related to various cancers and other neovascularizing conditions 

have demonstrated, using pharmacological and genetic manipulation of COX-2, 

that COX-2 inhibition resulted in reduced VEGF production, in vitro and in vivo 

(77-80). Downstream, pro-angiogenic factors such as hypoxia, VEGF, bFGF, 

TNF-α, and IL-1 have been shown to induce endothelial cell expression of COX-2 
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(81-84), and COX-2-derived prostanoids stimulated proliferation, migration, and 

tube formation in human umbilical vein endothelial cells (HUVEC) (85). COX-2-

selective inhibitors have been shown to block the proliferation and migration of 

vascular endothelial cells (86-89). Several prostanoids have been shown to 

induce angiogenesis in various angiogenesis assays and cancer models 

(72,73,90-92). Furthermore, specific inhibition of COX-2 has been shown to 

inhibit angiogenesis in the cornea or within experimental tumors (93-96), and this 

anti-angiogenic effect can be reversed by prostaglandin treatment (81,91). 

 

1.6 COX-2 and the eye 

 

COX-2 has been localized to various ocular tissues, and its expression 

has been found, or can be induced, in the following structures: cornea, iris, 

cilliary body, various cell types within the neuroretina, and the retinal pigment 

epithelium (RPE) (95,97-100). The expression of the COX-2 enzyme in these 

ocular tissues suggests a functional role for its prostanoid products. Indeed, 

ocular prostanoids have been shown to mediate the cornea’s inflammatory 

response (101,102), intraocular pressure (103,104), retinal blood flow (105), and 

maintenance of the blood-retinal-barrier (106). Additionally, inhibition of COX has 

been effective at reducing the production of VEGF and corneal, retinal, and 

choroidal NV in relevant models of ocular disease. 

In experimental models of corneal angiogenesis, various groups have 

demonstrated that the non-selective NSAIDs indomethacin and ketoprofen, as 
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well as the COX-2-selective agent NS-398 significantly reduced the severity of 

NV (95,107,108). In experimental models of retinal angiogenesis, investigators 

have demonstrated that inhibiting various points along the COX cascade reduced 

pathological NV. Cytosolic phospholipase A2 (cPLA2) is the enzyme responsible 

for liberating arachidonic acid, the substrate for the COX enzymes, from 

membrane phospholipids. Rodents treated with a cPLA2 inhibitor demonstrated 

reduced oxygen-induced retinal NV (109). Non-specific inhibitors of COX such as 

nepafenac, as well as COX-2-selective inhibitors such as APHS, etodolac, and 

rofecoxib, have all been shown to have a similar anti-angiogenic effect 

(77,110,111). In models of laser-induced choroidal NV (LCNV), nepafenac, 

etodolac, and lumiracoxib (another COX-2-selective agent), all effectively 

inhibited the development of CNV (77,112,113). These data suggest that COX-2 

mediates various aspects of corneal, retinal, and choroidal NV.  

In summary, although various groups have demonstrated the efficacy of 

COX inhibition at reducing ocular NV, little work has been done to determine 

which of the COX-2 derived prostanoid(s) is (are) involved in mediating VEGF 

production, downstream angiogenic endothelial cell behaviors, and ocular 

angiogenesis. Because of this gap in ocular angiogenesis research, we 

examined the specific involvement of COX-2 and COX-2-derived prostanoids in 

ocular angiogenesis. Figure 4 very generally depicts our working model of the 

role of COX-2 in angiogenic cell behaviors, with implications for conditions 

characterized by retinal NV. The goal of our research was two-fold. We wanted to 

1) better understand the role of COX-2-derived prostanoids in ocular angiogenic 
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disease, and 2) use the knowledge gained through our research to identify more 

specific therapeutic targets. 

 

Figure 4. Schematic distillation of retinal angiogenesis. We typically distill retinal angiogenesis 
into its two most basic components, growth factor production and growth factor consumption. In 
these studies, we examined the role of COX-2, COX-2-derived prostanoids, and the prostanoid 
receptors on hypoxia-induced VEGF production by Müller cells and VEGF-induced angiogenic 
cell behaviors by endothelial cells. 
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2.1 Abstract 

 

Nepafenac is a potent NSAID that rapidly penetrates the eye following 

topical ocular administration. In the eye, nepafenac is converted to amfenac, 

which has unique time-dependent inhibitory properties for COX-1 and COX-2. 

The purpose of the present study was to investigate the capacity of amfenac to 

inhibit discrete aspects of the angiogenic cascade in vitro, and to test the efficacy 

of amfenac and nepafenac in vivo, using the rat OIR model.  

Müller cells were treated with amfenac, celecoxib (COX-2), or SC-560 

(COX-1), and hypoxia-induced VEGF and PGE2 were assessed. Endothelial cells 

were treated with amfenac, celecoxib, or SC-560, and VEGF-induced 

proliferation and tube formation were assessed. Rat pups were subjected to OIR, 

received intravitreal injections of amfenac, celecoxib, or SC-560, and 

neovascularization (NV), prostanoid production, and VEGF were assessed. 

Other OIR-exposed pups were treated with topical nepafenac, ketorolac, or 

diclofenac, and inhibition of NV was assessed. 

Amfenac treatment failed to inhibit hypoxia-induced VEGF production. 

Amfenac treatment significantly inhibited VEGF-induced tube formation and 

proliferation by endothelial cells. Amfenac treatment significantly reduced retinal 

prostanoid production and NV in OIR. Nepafenac treatment significantly reduced 

retinal NV in OIR; ketorolac and diclofenac had no effect. 

Nepafenac and amfenac inhibit OIR more effectively than the 

commercially available topical and injectable NSAIDs used in this study. Our data 
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suggests that there are COX-dependent and COX-independent mechanisms by 

which amfenac inhibits OIR. Because it is bioavailable to the posterior segment 

following topical delivery, nepafenac appears to be a promising advancement in 

the development of therapies for neovascular eye diseases. 

 

2.2 Introduction 

 

Pathological ocular angiogenesis, or ocular neovascularization (NV), is a 

pivotal pathologic feature of several prevalent, sight-threatening eye diseases. In 

developed countries, retinopathy of prematurity (ROP), proliferative diabetic 

retinopathy (PDR), and age-related macular degeneration (AMD) are the leading 

causes of irreversible blindness in infants, working-age adults, and the elderly, 

respectively (9,10,12). Clinical and experimental evidence suggests that 

ischemia-induced hypoxia is a central etiological factor in retinal NV (114,115). 

For example, several retinal cell types respond to hypoxia by up-regulating 

production of vascular endothelial growth factor (VEGF), the principal growth 

factor promoting retinal NV (32,33,116). Among these retinal cells, Müller cells 

exhibit the most consistent and dramatic increase in VEGF synthesis and 

secretion when subjected to experimental hypoxia (32-34). VEGF binds with high 

affinity to VEGF receptors (VEGFR-1 and VEGFR-2) expressed on the surface of 

endothelial cells, initiating signal transduction cascades that lead to angiogenic 

endothelial cell behaviors (51-53,55). 



  20 

Cyclooxygenase (COX) enzymes are responsible for the biosynthesis of 

prostanoids [prostaglandins (PG) and thromboxanes] from arachidonic acid. 

Studies suggest that COX-1, the constitutively active isoform of COX, plays a 

role in angiogenic cell behaviors and carcinogenesis (117-122). Additionally, 

evidence suggests that the inducible isoform of COX, COX-2, plays a key role in 

regulating angiogenesis through the induction of prostanoid synthesis. 

Prostanoids subsequently induce the expression of pro-angiogenic factors such 

as VEGF and bFGF in many cell types (75,76), and several prostanoids have 

been shown to induce angiogenesis in in vitro and in vivo assays of human 

angiogenesis and cancer (72,73,90-92). A subset of prostanoids, under some 

conditions, have been shown to be deleterious to the retinal vasculature in ways 

other than promoting growth factor production. Prostanoid levels are higher in the 

retinas of infants than in the retinas of adults (123,124). Prostanoids are involved 

in maintaining retinal and choroidal blood flow (125,126). Specifically, the infant’s 

retinal prostanoid complement, coupled with their age-dependent responses to 

the prostanoids, leads to increased retinal vascular relaxation and dilation 

(124,127,128). This effect is particularly harmful to premature infants on oxygen 

therapy who do not yet have the ability to auto-regulate retinal and choroidal 

blood flow; prostanoids serve to enhance oxygen delivery to already-saturated 

retinal tissue, which is known to worsen the pathology of ROP (125,129). COX-2-

dependent production of TXA2 can lead to endothelial cell cytotoxicity, worsening 

the retinal microvascular degeneration in ischemic retinopathies (130,131). 

Prostanoid signaling through the EP3, EP4, DP, TP, and IP receptor have all been 
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implicated in mediating discrete cell behaviors that are invovled in the 

development or pathology of ischemic retinopathies (110,132-135). Selective 

inhibition of COX-2 also prevents pathological angiogenesis in the cornea, retina, 

and experimentally-induced tumors (93-96,111). Therefore, non-steroidal anti-

inflammatory drugs (NSAIDs) that inhibit the activity of the COX enzymes may be 

viable pharmacologic agents for the treatment of retinal neovascularization (NV).  

In 2005, the U.S. Food and Drug Administration (FDA) approved the 

topical NSAID, NEVANAC (nepafenac; 0.1% ophthalmic suspension) for the 

treatment of pain and inflammation associated with cataract surgery (136-139). 

The active ingredient in NEVANAC is nepafenac, a potent, reversible COX-1 

and COX-2 inhibitor (Kulmacz RJ, et al. 2007: EVER E-Abstract e473). 

Nepafenac is a pro-drug with superior penetration of cornea and scleral tissues 

(140). It is quickly metabolized in vivo by amidases in the iris/cilliary body and 

retina/choroid to form amfenac (136). Amfenac is an NSAID with antipyretic and 

analgesic properties, and it inhibits both COX-1 and COX-2 activity (137). 

Amfenac, like nepafenac, is a reversible inhibitor of both COX-1 and COX-2, but 

unlike nepafenac, amfenac has unique time-dependent inhibitory properties for 

both COX-1 and COX-2, implying that with time, amfenac irreversibly binds the 

enzymes, accounting for amfenac’s prolonged activity (Kulmacz RJ, et al. 2007: 

EVER E-Abstract e473).  

Topical ocular administration of nepafenac inhibits posterior segment NV 

in mouse models of oxygen-induced retinopathy (OIR) and laser-induced 

choroidal NV (LCNV), and it inhibits the functional abnormalities and retinal 
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vasculopathy observed in rats with streptozotocin-induced diabetes (77,141). 

Topical ocular administration of nepafenac reduced retinal VEGF expression in 

the mouse model of OIR (77). This observation is similar to the reported findings 

demonstrating the anti-VEGF effects of COX-2 inhibitors in tumor angiogenesis 

models (142). 

In order to better understand its bioactivity, we used in vitro assays of 

angiogenic cell behaviors to determine the capacity of amfenac to inhibit discrete 

aspects of the angiogenic cascade in the retina. We evaluated the effect of 

amfenac on hypoxia-induced VEGF production by Müller cells. Then, we looked 

at the effect of amfenac on VEGF-induced angiogenic cell behaviors in retinal 

endothelial cells. To further investigate the therapeutic potential of nepafenac for 

human use, we tested the efficacy of amfenac and nepafenac in vivo, using the 

rat model of OIR developed in our laboratory. This model produces a pattern of 

pathological pre-retinal NV mimicking that of premature infants with ROP (143). 

The results of these studies more fully define the mechanism(s) by which 

nepafenac mediates its anti-angiogenic effect, as well as demonstrate where 

COX enzymes appear to exert their influence during pathologic retinal 

angiogenesis. 

 

 

 

 

 



  23 

 

2.3 Materials and methods 

 

Materials 

Nepafenac (NEVANAC, 0.1% ophthalmic solution), amfenac, and 

vehicle were synthesized and provided by Alcon Laboratories, Inc. Ketorolac 

tromethamine (Acular, 0.5% ophthalmic solution; Allergan, Inc.), diclofenac 

sodium (Voltaren, 0.1% ophthalmic solution; Novartis), and celecoxib 

(Celebrex; Pfizer) were obtained from commercial sources. SC-560 was 

purchased from Cayman Chemical (Ann Arbor, MI). 

 

Isolation and culture of primary rat retinal Müller cells 

Primary rat retinal Müller cell cultures were established from postnatal day 

(P)7 Long Evans rat pups according to well-established methods (144). Briefly, 

enucleated eyes were placed in soaking medium, Dulbecco’s Modified Eagle 

Medium Low Glucose (DMEM; HyClone; Logan, UT) supplemented with 1X 

Antibiotic/Antimycotic Solution (Sigma; St. Louis, MO), overnight. The following 

day, eyes were incubated in digestion buffer, comprised of the soaking medium 

plus 0.1% trypsin and 70 U/ml collagenase, for 60 minutes at 37ºC. Retinas were 

then dissected, triturated, plated, and grown in DMEM supplemented with 10% 

fetal bovine serum and 1X Antibiotic/Antimycotic Solution. Cultures were 

maintained at 37ºC in a 5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) 

in a humidified incubator (NuAire; Plymouth, MN). Müller cells were identified by 
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immunocytochemical staining for cellular retinaldehyde binding protein (CRALBP; 

Abcam; Cambridge, MA). Passages three to six were used for experiments. For 

treatment of Müller cells with hypoxia, a CO2-enriched environment was 

generated with a BBLTM GasPak Pouch system (Becton-Dickinson; Sparks, MD). 

 

Quantitative real time RT-PCR of VEGF in rat Müller cells 

Primary rat Müller cells were seeded in 10-cm Petri dishes at equal 

density and maintained in normoxia. At 80% confluency, the cells were treated 

with vehicle (0.1% DMSO) or increasing concentrations of amfenac (0.1 to 10 

µM) and placed in hypoxia for 24 hours. Total RNA was isolated from the cells 

using Trizol reagent (Invitrogen Corporation; Carlsbad, CA). Each RNA sample 

was quality-controlled for DNA and protein contamination. For VEGF 

amplification, cDNAs were reverse transcribed using the High-Capacity cDNA 

Archive Kit (Applied Biosystems; Foster City, CA) according to manufacturer’s 

instructions. Quantitative real-time RT-PCR was performed in duplicate by co-

amplification of rat VEGF vs. β-actin (endogenous normalization control) in 

separate tubes, using gene-specific TaqMan Gene Expression Assays according 

to the manufacturer’s instructions (Applied Biosystems; primer and probe 

sequences used in this assay are proprietary). 

 

Quantification of rat Müller cell-derived VEGF and PGE2 levels 

Primary rat Müller cells were seeded in 12-well plates at equal density and 

maintained in normoxia. At 80% confluency, cells were treated with vehicle (0.1% 
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DMSO) or 10 µM amfenac, celecoxib, or SC-560, and then maintained in 

normoxia or hypoxia for 24 hours. Culture medium from cells was collected and 

assayed for VEGF and PGE2 concentration with colorimetric sandwich ELISA kits 

(R&D Systems; Minneapolis, MN) according to the manufacturer’s instructions. 

Cells were washed with CMF-PBS (Invitrogen), lysed with cold lysis buffer 

(Promega; Madison, WI), and protein concentration was determined with a 

bicinchoninic acid assay (BCA; Pierce; Rockford, IL). The amount of VEGF and 

PGE2 (pg/ml) in the culture medium was normalized to total protein concentration 

(mg/ml) of cell lysates. 

 

Culture of human retinal microvascular endothelial cells (HRMEC)  

Primary human retinal microvascular endothelial cells (HRMEC; Cell 

Systems; Kirkland, WA) were seeded in tissue culture flasks coated with 

attachment factor (Cell Signaling; Danvers, MA) and cultured with endothelial 

basal medium (EBM; Cambrex; East Rutherford, NJ) supplemented with 10% 

FBS and EGM single quots (Cambrex). When experimental conditions required 

serum free (SF) medium, MCDB 131 medium (Sigma) containing 1X 

Antibiotic/Antimycotic Solution was used. Cultures were maintained at 37ºC in a 

5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) in a humidified 

incubator. 
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HRMEC tube formation assay 

In vitro tube formation by HRMEC was carried out in 12-well plates coated 

with growth factor-reduced Matrigel® matrix (Becton-Dickinson). HRMEC were 

seeded at 3×104 cells per Matrigel-coated well in complete culture medium. After 

4.5 hours, the culture medium was removed and the cells were treated with SF 

medium alone or SF medium containing 25 ng/ml VEGF (R&D Systems) in the 

presence or absence of amfenac, celecoxib, or SC-560 (0.01 to 1 µM). Twenty-

four hours later, three images of tubes per well were captured using a DMC 

digitizing camera (Polaroid; Cambridge, MA) mounted on an IMT-2 inverted 

microscope (Olympus; Melville, NY). Capillary-like structures were measured 

using Image J software (NIH; Bethesda, MD), and the mean tube length per area 

of the field was calculated for each well. 

 

HRMEC cell proliferation assay 

VEGF-induced HRMEC proliferation was measured using a modified MTT 

assay. Each well of a 96-well plate was coated with a fibronectin/hyaluronic acid 

(HA) matrix and seeded with 3×104 cells. Complete medium was added and the 

cells were incubated for two days. The medium was then aspirated, and the cells 

were incubated with SF medium overnight. The following day, culture medium 

was removed and the cells were treated with SF medium alone or SF medium 

containing 25 ng/ml VEGF (R&D Systems) in the presence or absence of 

amfenac, celecoxib, or SC-560 (0.01 to 10 µM). Twenty-four hours later, 25 µL of 

a 5 mg/ml solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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(MTT; Molecular Probes; Eugene, OR) was added to each well and incubated for 

4 hours under normal growth conditions. One hundred microliters of lysis buffer 

[20% SDS in 50:50 dimethylformamide (DMF) and H2O with 2.0% acetic acid and 

0.05% HCl] was then added to each well, and the plates were incubated 

overnight at 37°C and read (Spectramax 190; Molecular Devices; Sunnyvale, CA) 

at 570 nm. Absorbance values were translated to cell number using standard 

curves consisting of six cell densities assayed in quadruplicate. The data 

obtained from the MTT assay and cell counts using a hemocytometer in the 

presence of trypan blue (Sigma) were found to be highly correlated (r2=0.933, 

data not shown). A standard curve of absorbance at 570 nm vs. HRMEC number 

was then produced. 

 

Oxygen-induced retinopathy (OIR) in the rat 

All animal procedures used in this study were approved by the Vanderbilt 

University Institutional Animal Care and Use Committee and were performed in 

accordance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research. Litters of Sprague-Dawley rat pups and their mothers (Charles 

River Laboratories; Wilmington, MA) were transferred within four hours after birth 

to oxygen exposure chambers where they were subjected to alternating 24 hour 

periods of 50% oxygen and 10% oxygen for 14 days. Control rats were raised 

simultaneously in room air. On postnatal day (P)14, the oxygen-exposed rats 

were returned to room air. 
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Quantification of retinal prostanoids 

On P14, following removal from the oxygen chambers, rats were 

administered amfenac (0.05 µg; 40 µM) or vehicle by single intravitreal injection, 

according to a well-established procedure (145). One day later, on P15, retinas 

were harvested and homogenized. The lipid soluble prostaglandin compounds 

were extracted with a Sep-Pak C18 column (Waters; Milford, MA) and were 

nitrogen-evaporated. O-methoxyamine derivatives were formed by treatment with 

2% methoxyamine-HCl in water at room temperature for 30 minutes. Compounds 

were extracted with ethyl acetate and subsequently converted to 

pentaflurobenzyl esters. The compounds were chromatographed on TLC plates 

with ethyl acetate/methanol. The compounds were then converted to 

trimethylsilyl ether derivatives and analyzed by negative ion chemical ionization 

mass spectrometry coupled with a gas chromatography system (Agilent 

Technologies; Palo Alto, CA). 

 

Quantification of retinal VEGF levels 

On P14, following removal from the oxygen chambers, rats were 

administered amfenac (0.05 µg; 40 µM) or vehicle by a single intravitreal 

injection, according to a well-established procedure (145). Because there is a 

peak in retinal VEGF two days post-oxygen exposure in this model (146), rats 

were sacrificed on P16 and retinas were harvested and subjected to lysis by 

homogenization. The total protein concentration of samples was measured by 

BCA. Retinal VEGF levels were measured with a VEGF colorimetric sandwich 
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ELISA kit (R&D Systems) according to the manufacturer’s instructions. The final 

mass of retinal VEGF was standardized to total retinal protein. 

 

Quantification of retinal neovascularization (NV) 

Using commercially available formulations and drop-tainers, nepafenac 

(0.03%, 0.1%), ketorolac (0.5%), diclofenac (0.1%) or vehicle was dropped 

directly onto the cornea two or four times a day, depending upon experiment. 

Topical dosing was performed between P14 and P19. A separate group of 

oxygen-exposed rat pups received a single intravitreal injection of amfenac (0.05 

µg; 40 µM), celecoxib (0.075 µg; 40 µM), SC-560 (0.07 µg; 40 µM), or vehicle 

(0.1% DMSO) at P14, after return to room air. Our estimations of vitreous volume 

indicate that these concentrations of injected NSAIDs lead to vitreous 

concentrations that fall within the middle range of the concentrations used for in 

vitro assays. Regardless of pharmacologic treatment, all oxygen-exposed rats 

were sacrificed on P20, 6 days following return to room air. The eyes were 

enucleated, and retinas were dissected and placed in 10% neutral buffered 

formalin [CMF-PBS (Invitrogen) with 37% formaldehyde solution (Fisher 

Scientific; Fair Lawn, NJ)] overnight at 4°C. The retinal vasculature was stained 

for adenosine diphosphatase (ADPase) activity, according to well-established 

procedures (147). Images of ADPase-stained retinas were digitized, captured, 

and displayed at 20X magnification. The total retinal area and the retinal area 

containing vasculature were independently measured. For each retinal image, 

pre-retinal vessel tufts were outlined, the pixels within an encircled area were 
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counted, and the total number of pixels from all areas were summed and 

converted to square millimeters.  

 

Statistical analysis 

Data were analyzed with commercial software (JMP; SAS Institute; Cary, 

NC). Analysis of variance (ANOVA) with appropriate post-hoc analyses were 

used to analyze data. 

 

2.4 Results 

 

Intravitreally-injected NSAID efficacy in rat OIR 

The effect of 0.05 µg amfenac on OIR-induced retinal NV was compared 

to two other NSAIDs, 0.075 µg celecoxib (COX-2 inhibitor) and 0.07 µg SC-560 

(relatively COX-1-specific inhibitor). This concentration of amfenac (40 µM) was 

empirically chosen using the rat model of OIR; the concentrations of celecoxib 

and SC-560 were matched to this concentration, to standardize treatment. 

Because amfenac does not possess the tissue-penetration characteristics of its 

pro-drug, nepafenac, and because celecoxib and SC-560 are not topically 

formulated, they were delivered directly to the target tissue with a single 

intravitreal injection. Oxygen-exposed rats received a single intravitreal injection 

of amfenac, celecoxib, or SC-560 on P14 and were sacrificed on P20. Amfenac 

significantly (p < 0.005) reduced the mean area of pre-retinal NV, compared to 
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vehicle-treated eyes (Figure 5). Celecoxib and SC-560 failed to inhibit OIR-

induced retinal NV at the doses tested. 

 

Effect of OIR on retinal prostanoids with and without amfenac 

Amfenac effectively inhibited NV in the rat OIR model, in contrast to 

celecoxib and SC-560. Thus, we sought to determine, more specifically, the 

way(s) in which the bioactive metabolite of nepafenac, amfenac, inhibited 

pathological angiogenesis. The effects of the OIR model and amfenac treatment 

on retinal prostanoid levels were surveyed. On P14, oxygen-exposed rats 

received a single intravitreal injection of vehicle or amfenac (0.05 µg; 40 µM). 

Figure 5. The effect of intravitreally-injected amfenac (40 µM), celecoxib, and SC-560 on the 
severity of OIR in the rat. Amfenac significantly reduced (* p < 0.005) OIR-induced retinal NV, 
but neither celecoxib nor SC-560 demonstrated an effect at the concentrations tested. Each 
bar represents the mean ± SEM. 
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One day later, on P15, the retinas were harvested and retinal prostanoid levels 

were measured. Compared to room air control retinas, the retinas of oxygen-

exposed rats demonstrated increased levels of each of the five prostanoids. 

Intravitreal amfenac treatment significantly reduced levels of PGE2, PGF2, TxB2, 

and 6-keto-PGF (p < 0.001) (Figure 6). This data demonstrates that amfenac 

inhibits COX and prostanoid production as expected, suggesting a possible 

explanation for the observed anti-angiogenic effect of amfenac in Figure 5. 

Figure 6. The effect of OIR and amfenac on retinal prostanoid levels. Compared to room air 
control retinas, the retinas of OIR rats demonstrated increased levels of each of the five 
prostanoids. Intravitreal amfenac treatment (40 µM) significantly reduced levels of PGE2, PGF2, 
TxB2, and 6-keto-PGF (* p < 0.001) in OIR rat retinas. Each bar represents the mean ± SD. 
 

 

Effect of amfenac on rat Müller cell VEGF expression 

Since amfenac decreased retinal prostanoid levels and reduced NV in oxygen-

exposed rats, the effect of amfenac on specific angiogenic cell behaviors was 
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studied using in vitro methods. In order to determine whether or not amfenac 

inhibited hypoxia-induced VEGF production, rat Müller cells were treated with 

increasing doses of amfenac (0.1 to 10 µM), and placed in hypoxia for 24 hours. 

Quantitative RT-PCR analysis of VEGF revealed that amfenac exhibited no effect 

on hypoxia-induced VEGF mRNA expression in rat Müller cells (Figure 7). 

Figure 7. The effect of amfenac on hypoxia-induced VEGF expression in Müller cells. 
Quantitative RT-PCR analysis of VEGF revealed that amfenac exhibited no effect on hypoxia-
induced VEGF mRNA expression in rat retinal Müller cells. Each bar represents the mean ± SD. 
 

 

Effect of NSAIDs on VEGF and PGE2 production in rat Müller cells 

It is important to note that a change in VEGF mRNA does not always 

correlate with a change in VEGF protein (Wang FE, et al. IOVS 2004;45:ARVO 

E-Abstract 3711). Because the production, secretion, and turnover of VEGF 

protein directly contributes to the pathology observed in the rat OIR model, we 
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determined the effect of amfenac treatment on VEGF protein in hypoxic rat 

Müller cells. Rat Müller cells were treated with 1 µM amfenac, celecoxib, or SC-

560 and placed in hypoxia for 24 hours. Amfenac, celecoxib, and SC-560 had no 

Figure 8. The effect of amfenac, celecoxib, and SC-560 on Müller cell production of VEGF 
and PGE2. (A) 1 µM amfenac, celecoxib, and SC-560 had no effect on hypoxia-induced 
VEGF production in rat retinal Müller cells. (B) However, amfenac, celecoxib, and SC-560 
treatment significantly reduced PGE2 levels in these cells (* p < 0.001). This finding suggests 
that SC-560, at this concentration, is non-selective, inhibiting COX-2 as well as COX-1. Each 
bar represents the mean ± SD. 
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significant effect on hypoxia-induced VEGF production in rat Müller cells (Figure 

8A). However, amfenac, celecoxib, and SC-560 treatment profoundly and 

significantly reduced PGE2 levels in these cells (p < 0.001), implying that 

hypoxia-induced VEGF expression in rat Müller cells is not affected by 

pharmacologic manipulation of the COX-2 enzyme (Figure 8B). Since inhibition 

of COX did not reduce pro-angiogenic VEGF production in rat Müller cells, it 

cannot explain the inhibition of retinal NV by amfenac. 

 

Effect of amfenac on retinal VEGF production 

To complement our in vitro data (Figure 8A), we returned to the OIR 

model in order to determine whether amfenac inhibited retina-wide, as opposed 

to Müller cell-derived, VEGF production. Amfenac (0.05 µg; 40 µM) was 

administered by a single intravitreal injection to oxygen-exposed rats upon return 

to room air. Two days later, retinas were harvested and retinal VEGF levels were 

measured. As expected, oxygen-exposed rats experienced a 4-fold increase in 

retinal VEGF compared to room air controls (Figure 9). However, and in 

agreement with our in vitro findings, amfenac treatment demonstrated no 

significant effect on retinal VEGF in oxygen-exposed rats. Although a modest 

(20%) reduction in mean VEGF level was observed following amfenac treatment, 

this result was not statistically significant. Retinal VEGF levels following topical 

nepafenac treatment were also assayed to determine whether the natural in vivo 

metabolism of amfenac was required in order to achieve a VEGF response, and 

again no effect was observed (data not shown). 
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Effect of amfenac on VEGF-induced HRMEC behaviors 

Because nepafenac proved ineffective in preliminary in vitro assays, we 

used its bioactive metabolite, amfenac, to determine the effect of the drug on 

angiogenic endothelial cell behaviors. The effects of amfenac, celecoxib and SC-

560 on VEGF-induced tube formation and proliferation were examined. VEGF-

induced (25 ng/ml) HRMEC tube formation (as determined by mean tube length) 

was significantly inhibited by amfenac (p < 0.001), the COX-2-selective celecoxib 

(* p < 0.001; † p < 0.006), and, at higher concentrations, the relatively COX-1 

selective SC-560 (* p < 0.001; ‡ p < 0.01) (Figure 10). Amfenac also lead to a 

significant reduction (32.5%; 10.00 + 2.12 in VEGF-treated HRMEC vs. 6.75 + 

2.45 in 0.01 µM amfenac-treated HRMEC) in the number of HRMEC branch 

points in this assay (p < 0.0233; data not shown). VEGF-induced HRMEC 

proliferation was significantly inhibited by amfenac and celecoxib (p < 0.001, 

Figure 9. The effect of intravitreally-injected amfenac on retinal VEGF production. In 
agreement with the in vitro findings, 40 µM amfenac treatment demonstrated no significant 
effect on retinal VEGF levels in OIR rats. Each bar represents the mean ± SEM. 
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respectively) in a dose-dependent manner, whereas SC-560 (p < 0.001) was only 

inhibitory at the highest concentration tested (Figure 11). Although 10 µM SC-

560 significantly inhibited VEGF-induced HRMEC proliferation, this concentration 

is known to inhibit both COX-1 and COX-2, and to exert COX-independent 

Figure 10. The effect of amfenac, celecoxib, and SC-560 on VEGF-induced HRMEC tube 
formation. (A) HRMEC tube formation was induced by 25 ng/ml VEGF, and this induction was 
significantly inhibited by amfenac (* p < 0.001), the COX-2-selective NSAID celecoxib (* p < 
0.001; † p < 0.006), and, at higher concentrations, the COX-1 selective NSAID SC-560 (* p < 
0.001; ‡ p < 0.01). Each bar represents the mean ± SD. (B) A representative image of tube 
formation in VEGF-stimulated HRMEC. (C) A representative image of tube formation in 
VEGF-stimulated HRMEC treated with 1 µM amfenac. Amfenac-treated HRMEC demonstrate 
reduced tube formation. 



  38 

effects. These experiments suggest that amfenac, likely through COX inhibition, 

affects discrete aspects of the angiogenic cascade downstream of VEGFR-2 

activation. 

 

Topical nepafenac efficacy in rat OIR 

Topical administration of a drug that has the capacity to substantially 

reduce retinal NV would be a promising advancement in the development of 

therapies for neovascular eye diseases. Thus, we tested the capacity of topical 

Figure 11. The effect of amfenac, celecoxib, and SC-560 on VEGF-induced HRMEC 
proliferation. VEGF-induced HRMEC proliferation was significantly inhibited by amfenac 
and celecoxib (* p < 0.001) in a dose-dependent manner, and by SC-560 (* p < 0.001) at 
the highest concentration tested. The effect of SC-560 at the highest concentration may be 
attributed to lethality. Each bar represents the mean ± SD. 
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nepafenac to inhibit retinal NV in the rat model of OIR. Oxygen-exposed rats 

were treated with topical nepafenac four times daily (QID) or twice daily (BID) 

from P14 through P19 and were sacrificed on P20. Nepafenac (0.1%) delivered 

QID or BID significantly reduced (p < 0.001) the amount of pre-retinal NV in an 

apparent dose-dependent manner (Figure 12). Like nepafenac, ketorolac and 

diclofenac are labeled for the treatment of pain and inflammation following 

cataract surgery. We compared the effect of topical nepafenac (0.1%, QID) to 

these commercially available, topically formulated NSAIDs, ketorolac (0.5%, QID) 

and diclofenac (0.1%, QID), on OIR-induced retinal NV. Nepafenac significantly 

reduced the mean area of pre-retinal NV by 59.3% (p < 0.007), but neither 

ketorolac nor diclofenac demonstrated an effect at the tested doses (Figure 13).  

 

Figure 12. The effect of topical nepafenac on the severity of OIR in the rat. 0.1% nepafenac, 
given QID or BID from P14-P19, significantly reduced (* p < 0.001) OIR-induced retinal NV. 
Each bar represents the mean ± SEM. 
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Figure 13. The effect of topical nepafenac, ketorolac, and diclofenac on the severity of OIR in 
the rat. (A) Drugs were administered topically, QID, from P14-P19. Nepafenac significantly 
reduced (* p < 0.007) OIR-induced retinal NV. Ketorolac and diclofenac failed to demonstrate 
an effect. Each bar represents the mean ± SEM. (B) A representative image of NV in vehicle-
treated eyes. (C) A representative image of NV in nepafenac-treated eyes. As demonstrated 
by representative ADPase-stained retinal flat mounts, nepafenac significantly reduced retinal 
NV.  
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2.5 Discussion 

 

The goal of this study was two-fold. First, we used three in vitro assays to 

determine the capacity of amfenac to inhibit discrete aspects of retinal 

angiogenesis. Using these model systems, we were better able to determine 

where in the angiogenic cascade COX isoforms exert their influence. Second, in 

order to further investigate the therapeutic potential of nepafenac as an 

angiostatic agent for human ocular use, we tested the efficacy of nepafenac in 

vivo, using the rat model of OIR developed in our laboratory.  

In 2005, the FDA approved nepafenac for the treatment of pain and 

inflammation associated with cataract surgery (136-139). In the eye, nepafenac 

is converted to an active metabolite, amfenac, which like nepafenac is a 

reversible inhibitor of both COX-1 and COX-2, but unlike nepafenac has unique 

time-dependent inhibitory properties for both COX-1 and COX-2 (Kulmacz RJ, et 

al. 2007: EVER E-Abstract e473). Thus, we wanted to determine if, and more 

specifically how, amfenac inhibited pathological angiogenesis. Amfenac inhibits 

COX activity and COX-dependent prostanoid production. The cancer literature 

has shown that COX-2 and the prostanoids are involved in the angiogenesis that 

occurs during tumor growth (69-73). Moreover, recent studies have shown that 

COX inhibitors, including topical nepafenac, ameliorate various experimental 

pathologies in the posterior segment of the eye (77,111,112,138,141,148-151). 

We tested the hypothesis that amfenac, by virtue of its capacity to inhibit COX 
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activity, would inhibit pathological angiogenesis. This was done using three 

NSAIDs with varying selectivities for COX-1 and COX-2. Amfenac is a relatively 

non-selective NSAID, inhibiting both COX-1 (IC50 = 0.25 µM) and COX-2 (IC50 = 

0.15 µM) (137). Celecoxib is highly COX-2-selective (COX-2 IC50 = 0.06 µM, 

COX-1 IC50 = 19 µM) (152). SC-560 is relatively COX-1-selective (COX-1 IC50 = 

0.009 µM, COX-2 IC50 = 6.3 µM) (153). Only amfenac inhibited NV in the rat OIR 

model (Figure 5). 

It is possible that amfenac demonstrates superior ocular pharmacokinetics 

and bioavailability, and/or pharmacodynamic mechanisms than do celecoxib and 

SC-560. Or, amfenac may exert distinct COX-independent effects that mediate 

its angiostatic activity. The non-selective nature of amfenac’s COX inhibition may 

be one possible pharmacodynamic explanation for its superior performance. The 

importance of inhibiting both COX isoforms during ischemia-induced retinal NV 

has been suggested by results from studies using COX-1 null and COX-2 null 

mice (154). Due to its superior performance, we wanted to determine, more 

specifically, the way(s) in which amfenac inhibited pathological angiogenesis. We 

surveyed the effects of the oxygen exposure model and amfenac treatment on 

retinal prostanoid levels (Figure 6). All five of the prostanoids exhibited at least a 

two-fold increase upon exposure to the OIR protocol, suggesting a potential role 

in the development of retinal NV. The observed increase in retinal prostanoid 

production in oxygen-exposed rats could be due to: (1) increased cPLA2 level or 

activity, which serves to liberate arachidonic acid, the substrate that is converted 

by COX into prostanoids; (2) increased level or activity of COX-2; (3) increased 
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prostanoid synthase activity; (4) decreased levels of 15-PGDH, which is the key 

enzyme responsible for the biological inactivation of the prostanoids; or (5) some 

combination of these. Regardless of the mechanism by which prostanoids were 

increased, intravitreal injection of amfenac significantly inhibited the response. 

Retinal NV can be studied in vitro by distilling it into two basic 

components: hypoxia-induced VEGF production by retinal, e.g. Müller, cells and 

VEGF-induced angiogenic behaviors (proliferation and tube formation) in 

endothelial cells. We tested the capacity of amfenac to inhibit each of these 

processes in vitro so that we could more clearly define its mechanism of action in 

vivo. Amfenac had no effect on hypoxia-induced VEGF expression or production 

by rat Müller cells (Figure 7 and Figure 8A). This was confirmed in vivo: 

amfenac did not significantly decrease retinal VEGF levels in OIR rats (Figure 9). 

These data suggest that amfenac likely does not inhibit retinal NV in the rat 

model of OIR by reducing hypoxia-induced VEGF production. In accordance with 

our findings, Kern et al. reported that topically applied nepafenac did not reduce 

the increased retinal VEGF production found in diabetic rats (141). These results 

suggest that VEGF inhibition is unlikely to be a major contribution to amfenac’s 

anti-angiogenic activity. Our results contradict those of Takahashi et al. who 

showed that topical nepafenac reduced retinal VEGF mRNA in mice exposed to 

the OIR model (77). The discrepancy between our findings and Takahashi et al.’s 

findings may be due to: (1) inherent differences between the rat and mouse 

models of OIR; (2) inherent differences between the two species; or (3) the fact 

that Takahashi et al. looked at VEGF mRNA, whereas we looked at protein. It is 
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important to note that a change in VEGF mRNA does not always correlate with a 

change in VEGF protein (Wang FE, et al. IOVS 2004;45:ARVO E-Abstract 3711). 

Because the production, secretion, and turnover of VEGF protein directly 

contributes to the pathology observed in the rat OIR model, we chose this 

endpoint. Point number two brings up an important distinction, because it calls 

into question the universal capacity of NSAIDs to affect VEGF production.  

Since amfenac, a potent COX inhibitor, had no effect on VEGF production 

in vitro or in vivo, it is unlikely that pharmacologic manipulation of COX-2 affects 

this process. We tested this hypothesis using three different NSAIDs with varying 

selectivities for COX-1 and COX-2. The NSAID concentrations used in vitro were 

chosen because they fall within the range that allows us to distinguish between 

COX-1 and COX-2 effects. Amfenac, celecoxib, and SC-560 significantly 

inhibited Müller cell PGE2 production (Figure 8B), indicating that they did, in fact, 

inhibit COX activity in our cultures. However, the drugs had no effect on hypoxia-

induced VEGF production. This demonstrates that hypoxia-induced VEGF 

production by Müller cells is not diminished by pharmacologic inhibition of the 

COX-2 enzyme, and that the inhibition of pro-angiogenic VEGF production by 

Müller cells does not appear to be the mechanism by which amfenac inhibits 

retinal NV. It is possible that COX-dependent prostanoid production may 

influence VEGF production by other retinal cell types [as Amrite et al. have 

shown in retinal pigment epithelial (RPE) cells] (155), although our in vivo studies 

suggest that this is not the case in the rat model of OIR (Figure 9). Therefore, 
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COX inhibition by NSAIDs likely influences hypoxia-induced angiogenic cell 

behavior and OIR by a bioactivity unrelated to VEGF induction. 

Although we chose to focus on VEGF, it is possible that COX-dependent 

prostanoid production influences the production of angiogenic factors other than 

VEGF. Cheng et al. demonstrated that PGE2 induces bFGF expression in 

cultured rat Müller cells (75). Others have demonstrated that a different 

prostanoid, PGF2, induces bFGF expression in rat osteoblasts and endometrial 

adenocarcinoma explants (156,157). These and other studies demonstrate that 

there are other angiogenic factors whose production may be prostanoid-

dependent, and thus inhibited by amfenac treatment. We did not assess 

amfenac’s effect on these proteins [namely bFGF, the VEGF receptors, 

erythropoietin (EPO), adenosine, or insulin-like growth factor (IGF)]. Instead, we 

chose to look at the effect of amfenac on VEGF-stimulated angiogenic 

endothelial events because: (1) despite the presence and potential involvement 

of other, prostanoid-dependent angiogenic factors in the retina, none have been 

demonstrated to be both necessary and sufficient for the development of retinal 

NV, as VEGF has; (2) we see increases in VEGF in our model of OIR, but do not 

see increases in bFGF (158); and (3) HRMEC are exposed and respond to 

VEGF in human ROP, making it an appropriate means by which to stimulate and 

manipulate (with amfenac) angiogenic endothelial cell behaviors in vitro.  

Next, we sought to determine whether the effect of amfenac on retinal NV 

was being mediated through the inhibition of VEGF-induced angiogenic 

behaviors in endothelial cells. VEGF binds and activates high affinity VEGF 
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receptors on retinal endothelial cells (159). Binding of VEGF to VEGFR-2 

induces receptor dimerization and tyrosine autophosphorylation, activating 

complex and incompletely-defined signaling cascades (159). These signal 

transduction pathways ultimately lead to the induction of various endothelial 

behaviors necessary for angiogenesis, including proliferation, migration, survival, 

and the production of nitric oxide that leads to increased permeability. We tested 

the effect of amfenac, celecoxib, and SC-560 on two of these VEGF-induced 

behaviors: tube formation and proliferation. Amfenac and celecoxib dose-

dependently inhibited both VEGF-induced behaviors. These findings confirm 

those of Wu et al. who reported that HUVEC demonstrated reduced VEGF-

induced proliferation and tube formation when they were treated with NS-398 (a 

COX-2-selective inhibitor) or with siRNA directed against COX-2 (89). In our 

studies, the relatively-specific COX-1 inhibitor SC-560 was only mildly effective 

against tube formation alone (Figure 10 and Figure 11). Notably, 10 µM SC-560 

significantly inhibited VEGF-induced HRMEC proliferation. This concentration of 

SC-560 inhibits COX-2 (in addition to inhibiting the COX-1 target enzyme) and 

exerts COX-independent effects on HRMEC proliferation, suggesting an 

explanation for its dramatic effect. Notably, amfenac inhibited two measures of 

tube formation, mean tube length and the number of HRMEC branch points 

(Figure 10). The effect of COX-2 inhibition on endothelial cell branching has 

been documented in the literature, and was confirmed by our study (89). 

Amfenac, likely through inhibition of COX-2, affects discrete aspects of the 

angiogenic cascade downstream of VEGFR-2 activation. It is known that VEGF-
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stimulated endothelial cells produce PGs (160). It is also known that PGs 

stimulate proliferation and tube formation, therefore demonstrating angiogenic 

effects (86,161). Our data suggests that the capacity of nepafenac to inhibit 

proliferation and tube formation is dependent on its capacity to inhibit pro-

angiogenic PG production by COX-2. This in vitro data suggests that nepafenac’s 

mechanism of action in ROP is dependent on its capacity to inhibit endothelial 

cell bioactivities like proliferation and tube formation, two behaviors that are 

central to the development of pathological ocular NV in ROP.  

Safe and effective anti-angiogenic therapies that can be delivered 

noninvasively remain an unmet need in ophthalmology. Lucentis®, an anti-VEGF 

antibody fragment (Fab) delivered via intravitreal injection, is the current 

standard-of-care for neovascular age-related macular degeneration (AMD). 

During multiple registration studies, intravitreal injections of Lucentis® stabilized 

vision in over 90% of patients, and improved vision in up to 40% of patients. 

However, repeated intravitreal injections were necessary for the majority of 

patients to maintain this level of benefit (162-166). Intravitreal injections require 

an office visit, are often expensive, can be physically uncomfortable, and they 

expose the patient to a number of potential vision-threatening complications such 

as intraocular infection. Topical administration of a drug that has the capacity to 

substantially reduce retinal NV would be a promising advancement in the 

development of therapies for neovascular eye diseases. Nepafenac, topically 

applied to the cornea two or four times daily, significantly inhibited the 

development of retinal NV in the rat model of OIR (Figure 12). This finding is 
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consistent with those of Takahashi et al. who reported that topical nepafenac 

inhibited ischemia-induced retinal NV in mice (77). We hypothesized that the 

anti-angiogenic effect of nepafenac was due to its capacity to inhibit COX and 

pro-angiogenic prostanoid production. However, it was unexpected that 

nepafenac proved to be unique in its capacity to significantly inhibit oxygen-

induced retinal NV; ketorolac and diclofenac demonstrated no significant effect 

(Figure 13). This observation cannot be explained by the COX-2 selectivities of 

the three compounds, because their respective COX-2 IC50’s are within the same 

range: amfenac = 0.15 µM, ketorolac = 0.086 µM, and diclofenac = 0.038 µM 

(137,167). A more plausible explanation is that topical nepafenac likely has 

superior bioavailability to the posterior segment. In early pre-clinical trials, 

nepafenac exhibited superior corneal penetration and suppressed prostanoid 

production by the iris/cilliary body and retina/choroid more efficiently and for a 

longer duration than did diclofenac (136,137). In rabbits, topical administration of 

0.1% nepafenac  lead to nanomolar concentrations of amfenac in both anterior 

and posterior segment tissues, above the COX-2 IC50, indicating sufficient 

penetration for inhibitory activity (Hariprasad SM, et al. IOVS 2009:50:ARVO E-

Abstract 5999). Topical administration of nepafenac provided highest 

concentrations in the sclera > choroid > retina > vitreous. Pharmacologically 

relevant concentrations in the posterior segment were achieved through a 

scleral/choroidal distribution. Together, these data suggest that prostanoid 

synthesis is an important aspect of oxygen-induced retinal NV and that 

nepafenac’s inhibitory effect on retinal NV is due, at least in part, to its capacity to 
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efficiently penetrate the cornea/sclera and inhibit COX-dependent prostanoid 

synthesis in the retina. 

The findings that HRMEC treated with amfenac and celecoxib 

demonstrate reduced VEGF-induced tube formation and proliferation suggest 

that there are COX-2-dependent mechanisms through which amfenac inhibits 

oxygen-induced retinal NV. Amfenac and celecoxib may also inhibit VEGF-

induced angiogenic cell behaviors through COX-2-independent mechanisms. For 

example, Amrite et al. reported that choroidal endothelial cells treated with 

celecoxib demonstrated reduced proliferation, but that the anti-proliferative effect 

of celecoxib was independent of its COX-2-inhibitory action (168). Nepafenac 

appears to be a rational therapeutic strategy for the non-invasive treatment of 

oxygen-induced retinopathies and other neovascular diseases of the eye, and it 

appears that nepafenac’s mechanism of action is dependent on its capacity to 

inhibit endothelial cell bioactivities like proliferation and tube formation, two 

behaviors that are central to the development of pathological ocular NV.  

Evidence suggests that oxidative compounds play a role in ROP and other 

angiogenic diseases of the retina (141,169-171). The retina is particularly 

susceptible to oxidative damage because it has a high rate of oxygen 

consumption (172). Furthermore, premature infants have an incompletely 

developed antioxidant system, leading to a reduced ability to scavenge reactive 

oxidative species (ROS) (173). This may increase their vulnerability to the effects 

of damaging oxidative species. These findings have led to a large body of basic 

and clinical research focused on understanding the effect of antioxidant 
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supplementation in ROP. A meta-analysis of clinical studies that tested the effect 

of vitamin E supplementation on the incidence and severity of ROP development 

demonstrated that vitamin E supplementation led to a 52% reduction in the 

development of stage 3 ROP (characterized by NV) (174). Vitamin E, superoxide 

dismutase, and apocynin (an NADPH oxidase inhibitor) have all been shown to 

prevent the development of pathological features that present in the rat model of 

ROP (175-178). More recently, Kern et al. have shown that nepafenac 

demonstrates anti-oxidant activity (141). Nepafenac inhibited diabetes-induced 

production of superoxide anion (a ROS) in rat retinas. It is known that ROS 

activates cytosolic phospholipase A2 (cPLA2) and COX-2, which can lead to the 

production of potentially pro-angiogenic PGs (179,180). cPLA2 is the enzyme 

responsible for liberating arachidonic acid, a COX substrate, from membrane-

derived phospholipids. cPLA2 has been shown to have a pro-angiogenic effect 

on retinal cell behaviors (109). These may be additional mechanisms of 

nepafenac’s action: it may prevent the ROS-dependent activation of cPLA2 

and/or COX-2 and the resultant PG-induced angiogenic cell behaviors. Although 

we did not assess nepafenac’s anti-oxidant capacity in our model of ROP, it is 

feasible that a portion of nepafenac’s mechanism of action may have been 

related to its capacity to scavenge damaging ROS. 

Various stimuli, including COX-derived PGs, stimulate endothelial nitric 

oxide synthase (eNOS) (181). Stimulation of eNOS leads to the production of 

nitric oxide (NO), a potent signaling molecule. NO plays a role in maintaining 

blood flow and vascular tone. Increased NO production leads to vasodilation, 
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which can be particularly harmful to the retinas of premature infants on oxygen 

therapy. In adults, retinal blood flow and choroidal blood flow are tightly 

regulated; when an adult retina is exposed to hyperoxia, retinal and choroidal 

blood vessels constrict, limiting excessive oxygen delivery to the retina.  This 

vascular regulation is lacking in infants. Failure of the vasculature to constrict in 

response to high oxygen, coupled with the vaso-dilatory effect of high NO, means 

that the infant is particularly sensitive to the deleterious consequences of hyper-

oxygenation. This inability to limit oxygen delivery may contribute to the infant’s 

susceptibility to hyperoxia-induced ROP (182). These findings suggest that 

inhibiting COX-derived PG production will inhibit deleterious NO production, 

providing protection against hyperoxia-induced retinopathy. We have shown that 

amfenac inhibits PG production in vitro and in vivo  (Figure 6 and Figure 8). 

Although we did not assess nepafenac’s capacity to inhibit NO production in our 

model of ROP, it is possible that a portion of nepafenac’s mechanism of action 

may have been related to its capacity to prevent PG-mediated NO production 

and vasodilation. Notably, NO inhibition may also be detrimental to premature 

infants on supplemental oxygen therapy. eNOS and NO  are required for the 

development of normal lung vasculature. MacRitchie et al. have shown that there 

is reduced eNOS in the pulmonary circulation and respiratory tract of preterm 

lambs on oxygen therapy and suggest that reduced eNOS may play a role in the 

development of chronic lung disease in the lambs (183). Furthermore, eNOS 

deficient mice exhibit defective lung vascular development and respiratory 

distress (184). Therefore, if it is found that nepafenac inhibits NO production and 
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has a beneficial effect on the ocular vasculature in models of ROP, it’s effect on 

the pulmonary vasculature will need to be carefully assessed in clinical trials.   

Pharmacologic inhibition of COX-2 did not have a major effect on hypoxia-

induced VEGF production in our models. Despite pharmacologic inhibition, 

residual COX activity may have remained, which could continue to produce pro-

angiogenic prostanoids with the capacity to affect VEGF production (75,76). 

Alternatively, Lukiw et al. reported that hypoxia-induced VEGF production was 

directly regulated by HIF-1, and only indirectly regulated through NF-κB-

mediated COX-2 in choroidal endothelial cells (185). This suggests that HIF-1-

dependent VEGF production may have the capacity to overpower the effect of 

COX-2-inhibition, and could explain the results of our Müller cell studies. In order 

to more clearly define the role of COX-2 in this process, it is necessary to assess 

VEGF production in COX-2 knock-out animals and the cells derived from these 

animals. These studies are on going. 
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3.1 Abstract 

 

Non-steroidal anti-inflammatory drugs (NSAIDs), which inhibit COX 

activity, reduce the production of retinal VEGF and neovascularization in relevant 

models of ocular disease. We hypothesized that COX-2 mediates VEGF 

production in retinal Müller cells, one of its primary sources in retinal neovascular 

disease. The purpose of this study was to determine the role of COX-2 and its 

products in VEGF expression and secretion. These studies have more clearly 

defined the role of COX-2 and COX-2-derived prostanoids in retinal 

angiogenesis. 

Müller cells derived from wild-type and COX-2 null mice were exposed to 

hypoxia for 0-24 hours. COX-2 protein and activity were assessed by western 

blot analysis and GC-MS, respectively. VEGF production was assessed by 

ELISA. Wild-type mouse Müller cells were treated with vehicle (0.1% DMSO), 10 

µM PGE2, or PGE2 + 5 µM H-89 (a PKA inhibitor), for 12 hours. VEGF production 

was assessed by ELISA.  

Hypoxia significantly increased COX-2 protein (p < 0.05) and activity (p < 

0.05), and VEGF production (p < 0.0003). COX-2 null Müller cells produced 

significantly less VEGF in response to hypoxia (p < 0.05). Of the prostanoids, 

PGE2 was significantly increased by hypoxia (p < 0.02). Exogenous PGE2 

significantly increased VEGF production by Müller cells (p < 0.0039), and this 

effect was inhibited by H-89 (p < 0.055). 
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These data demonstrate that hypoxia induces COX-2, prostanoid 

production, and VEGF synthesis in Müller cells, and that VEGF production is at 

least partially COX-2-dependent. Our study suggests that PGE2, signaling 

through the EP2 and/or EP4 receptor and PKA, mediates the VEGF response of 

Müller cells.  

 

3.2 Introduction 

 

Angiogenesis, the formation of new capillaries from the existing 

vasculature, is a process subject to exquisite regulation. Numerous pathological 

conditions are characterized by persistent, abnormal angiogenesis. In the eye, 

pathological angiogenesis, or ocular neovascularization (NV), is the leading 

cause of blindness in developed countries (9,10,12). Prevalent diseases in which 

ocular NV is a central feature include retinopathy of prematurity (ROP), 

proliferative diabetic retinopathy (PDR), and age-related macular degeneration 

(AMD or ARMD). To effectively prevent and treat ocular NV, a more thorough 

understanding of the cellular and molecular mechanisms involved in the 

angiogenic process is necessary.  

Neovascularization within the eye is often the result of ischemia, which 

induces tissue hypoxia (114,115). In response to retinal hypoxia, various pro-

angiogenic growth factors are produced, each mediating a number of angiogenic 

cell behaviors. Of the growth factors involved in retinal angiogenesis, vascular 

endothelial cell growth factor (VEGF) is thought to be a principal mediator (22). In 
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response to retinal hypoxia, several cell types exhibit increased VEGF production 

(32,33,116). This has been demonstrated most consistently and dramatically in 

Müller cells, the predominant glial cells within the retina (32-34). Notably, Müller 

cell-specific deletion of VEGF-A significantly inhibits NV in mice exposed to 

oxygen-induced retinopathy (186). 

The cyclooxygenase (COX) enzymes are responsible for catalyzing the 

production of biologically active prostanoids (prostaglandins and thromboxanes) 

from phospholipid-derived arachidonic acid. The cancer literature has 

demonstrated a role for COX-2, the inducible isoform, and its prostanoid 

metabolites in the angiogenesis that occurs during tumor growth (69-73). 

Prostanoids can induce the expression of pro-angiogenic factors such as VEGF 

and bFGF in a wide variety of cell types (75,76). 

COX-2 has been localized to various ocular tissues, and its expression 

has been found, or can be induced, in the following structures: cornea, iris, 

cilliary body, various cell types within the neuroretina, and the retinal pigment 

epithelium (RPE) (95,97-100). The expression of the COX-2 enzyme in these 

ocular tissues suggests a functional role for its prostanoid products. In fact, 

inhibition of COX has been effective at reducing the production of VEGF and 

corneal, retinal, and choroidal NV in relevant models of ocular disease 

(84,107,110-113,187-189). However, although various groups have 

demonstrated the efficacy of COX inhibition at reducing the production of VEGF 

and NV, little work has been done to determine which of the COX-2 derived 
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prostanoid(s) is (are) involved in mediating VEGF production, which stimulates 

angiogenic endothelial cell behaviors, and results in ocular angiogenesis. 

In this study, we used an in vitro assay of hypoxia-induced VEGF 

production combined with cells isolated from COX-2 null mice to more precisely 

determine the role of COX-2 and its products in stimulating mouse Müller cell 

VEGF production. These studies are important because VEGF is the growth 

factor that stimulates the pathological angiogenesis characteristic of ROP, PDR, 

AMD, and a number of other blinding conditions. These studies have further 

defined the roles of COX-2 and COX-2-derived prostanoids in this discrete 

aspect of retinal angiogenesis. 

 

3.3 Materials and Methods 

 

Isolation and culture of primary mouse Müller cells  

Primary Müller cell cultures were established from P7 wild-type C57/129 

mouse pups and COX-2 null mouse pups on the same background (breeders 

were a generous gift from Dr. Sudhansu Dey, Cincinnati Children’s Hospital 

Medical Center), according to well-established methods (144). Briefly, enucleated 

eyes were placed in soaking medium, Dulbecco’s Modified Eagle Medium 

(DMEM; HyClone) supplemented with 1X Antibiotic/Antimycotic Solution (Sigma), 

overnight. The following day, eyes were incubated in digestion buffer, which is 

comprised of soaking medium plus 0.1% trypsin and 70 U/ml collagenase, for 20 

minutes at 37ºC. Retinas were then dissected, triturated, plated, and grown in 
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DMEM supplemented with 10% fetal bovine serum and 1X Antibiotic/Antimycotic 

Solution. Cultures were maintained at 37ºC in a 5% CO2/95% air (20.9% oxygen) 

atmosphere (normoxia) in a humidified incubator (NuAire). The identification of 

Müller cells was confirmed by immunocytochemical staining with a monoclonal 

antibody against vimentin (Affinity Bioreagents; Golden, CO), an intermediate 

filament protein normally expressed in Müller cells, and with a monoclonal 

antibody against cellular retinaldehyde binding protein (CRALBP; Affinity 

Bioreagents). Passages three to six were used for experiments. Normoxic and 

hypoxic conditions (< 1.0% oxygen) were generated with an Isotemp 3-gas 

Laboratory CO2 Incubator with O2 control (Kendro Laboratory Products; 

Asheville, NC) and a Proox Model 110 Gas Oxygen Controller (BioSpherix; 

Lacona, NY). Appropriate humidity and 5% CO2 were maintained. 

 

Western blot analysis  

Wild-type and COX-2 null mouse Müller cells at 70% subconfluency were 

exposed to hypoxia for 0, 2, 6, 12, 18, or 24 hours. The lysates were matched for 

protein concentration, and proteins were resolved by 10% SDS-PAGE minigels 

(Bio-Rad; Hercules, CA) and transferred to 0.2 µM nitrocellulose membranes 

(Bio-Rad). Membranes were blocked in TBS containing 0.1% Tween-20 (Sigma) 

and 1% BSA (Sigma) overnight at 4ºC. The blots were incubated with antibodies 

recognizing COX-1 and COX-2 (Cayman) for one hour, followed by an anti-rabbit 

IgG HRP antibody (Promega) for 45 minutes, at room temperature. Following 

thorough washings, the proteins were visualized with enhanced 
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chemiluminiscence (ECL; Amersham; Piscataway, NJ). Membranes were 

stripped and reprobed for β-actin (Sigma). Digitized images of Western blots 

were quantified using Image J software (NIH). Raw densitometric values were 

normalized against internal control (β-actin). 

 

Müller cell prostanoid measurement 

Wild-type mouse Müller cells at 70% subconfluency were treated with 

0.5% serum medium and exposed to either normoxia or hypoxia for 0, 2, 6, 12, 

18, or 24 hours. Conditioned medium was collected and the lipid soluble 

prostanoids were reverse-phase, solid-phase extracted using Sep-Pak C18 

columns (Waters) and nitrogen-evaporated. O-methoxyamine derivatives were 

formed by treatment with 2% methoxyamine-HCl in water at room temperature 

for 30 minutes. Compounds were extracted with ethyl acetate and subsequently 

converted to pentaflurobenzyl esters. The compounds were chromatographed on 

TLC plates with ethyl acetate/methanol. The compounds were then converted to 

trimethylsilyl ether derivatives and analyzed by negative ion chemical ionization 

mass spectrometry coupled with a gas chromatography system (Agilent 

Technologies). The amount of each prostanoid (ng/ml) in culture medium was 

normalized to total protein concentration (mg/ml) of cell lysates using a BCA 

assay (Pierce). Thus, any variation in prostanoid production due to differences in 

cell densities was resolved. 
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Hypoxic induction of VEGF in Müller cells  

Wild-type and COX-2 null mouse Müller cells at 70% subconfluency were 

exposed to hypoxia for 0, 2, 6, 12, 18, or 24 hours. Culture medium from 

experimental dishes was collected and assayed for VEGF protein concentration 

with a colorimetric sandwich ELISA kit (R&D Systems) according to the 

manufacturer’s instructions. The assay recognizes the 164 amino acid residue 

splice variant of mouse VEGF. Cells were washed with cold calcium- and 

magnesium-free PBS (Invitrogen) and lysed with cold lysis buffer (Promega). The 

amount of VEGF (pg/ml) in culture medium was normalized to total protein 

concentration (mg/ml) of cell lysates using a BCA assay (Pierce). Thus, any 

variation in VEGF production due to differences in cell densities was resolved. 

 

PGE2 and H-89 treatment of Müller cells 

Wild-type mouse Müller cells at 70% subconfluency were serum-starved 

for 6 hours, and then pre-treated with 5 μM H-89 (Cayman Chemical) for 1 hour. 

Following pre-treatment, the cells received fresh serum-free medium with H-89, 

and were treated with 10 μM PGE2 (dinoprostone; Cayman Chemical) for 12 

hours. Culture medium from experimental dishes was collected and assayed for 

VEGF protein concentration as described above. 
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Statistical analysis 

Data were analyzed with commercial software (JMP; SAS Institute). 

Analysis of variance (ANOVA) with Dunnet’s post-hoc analyses and t tests were 

used to analyze parametric data.  

 

3.4 Results 

 

Effect of hypoxia on COX-2 protein and activity 

Wild-type mouse Müller cells exposed to hypoxia showed increased levels 

of the COX-2 protein (Figure 14). The densitometry of the COX-2 bands 

(normalized against the densitometry of the β-actin bands) was quantified, and 

demonstrated that COX-2 was maximally and significantly (p < 0.05) induced 6 

and 12 hours after hypoxic treatment. Müller cells isolated from COX-2 null mice 

lack COX-2, as demonstrated by western blot analysis (Appendix 1). COX-1 is 

the isoform of COX classically recognized as being constitutively active (65). 

Importantly, hypoxia did not lead to increased COX-1 in wild-type cells (Figure 

14). Nor did hypoxia stimulate COX-1 in COX-2 null cells, indicating that COX-1 

was not compensating for the absence of the COX-2 enzyme (Figure 14). Due to 

the fact that COX-2 is an enzyme, an increase in the level of the protein does not 

necessarily indicate that activity is increased. In order to assess COX-2 activity, 

we assessed the concentration of PGE2 in the conditioned medium from hypoxia-

treated cells. We chose to look at PGE2 as a surrogate marker of COX-2 activity 



  62 

because COX-2-derived PGE2 is the prostanoid product most consistently 

upregulated in angiogenic tumor models (190). Consistent with an increase in 

COX-2 protein, COX-2 activity, as demonstrated by increased PGE2 production, 

is likewise significantly increased (* p < 0.02; † p < 0.05; ‡  p < 0.05) by hypoxia 

(Figure 15).  

 

Figure 14. The effect of hypoxia on COX-1 and COX-2 in mouse Müller cells. Wild-type 
mouse Müller cells demonstrated an increase in COX-2 upon exposure to hypoxia. Neither 
wild-type nor COX-2 null mouse Müller cells demonstrated an increase in COX-1 upon 
exposure to hypoxia. Additionally, COX-1 did not appear to be compensating for genetic 
deletion of the COX-2 gene in null cells. 
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Effect of hypoxia on VEGF production 

We have previously demonstrated the effect of hypoxia on Müller cell 

production of VEGF (191). We chose to look at a time course of VEGF production 

by hypoxic Müller cells because we hypothesized that COX-2-derived 

prostanoids mediate VEGF production in these cells, and we wanted to 

empirically determine the time course, and therefore likelihood, of these events 

being mechanistically linked. VEGF levels were significantly (p < 0.0003) 

increased over time in hypoxia, peaking at 24 hours (Figure 16). Hypoxic 

Figure 15. The effect of hypoxia on COX-2 activity in wild-type mouse Müller cells. 
Consistent with increased COX-2 protein, COX-2 activity was likewise significantly increased 
(* p < 0.01; † p < 0.025; ‡ p < 0.05) by hypoxia, as determined by the production of COX-2-
derived PGE2. Each bar represents mean + SD. 
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treatment lasting longer than 24 hours led to cell death, and hence, later time 

points were not examined. 

 

Effect of COX-2 deletion on VEGF protein 

In order to determine the COX-2-dependent effect on hypoxia-induced 

VEGF production by mouse Müller cells, we cultured wild-type and COX-2 null 

mouse Müller cells, exposed them to hypoxia for increasing periods of time, and 

assessed VEGF level. VEGF production was reduced in hypoxic COX-2 null 

cells, compared to wild-type cells, at every time point. This effect was statistically 

significant (p < 0.05) after 12, 18, and 24 hours of hypoxic treatment (Figure 17). 

Figure 16. The effect of hypoxia on wild-type mouse Müller cell production of VEGF. Hypoxia 
significantly increased VEGF production in wild-type mouse Müller cells (* p < 0.0003), with a 
time course that lagged behind that of hypoxia-induced COX-2 protein and activity, 
suggesting that some degree of VEGF production may be stimulated by COX-2-derived 
prostanoids. Each bar represents mean + SD. 
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These data demonstrate that VEGF production by mouse Müller cells is at least 

partially dependent on COX-2 and COX-2-derived bioactive prostanoids.  

 

Effect of hypoxia on prostanoid production 

In order to more clearly define which of the prostanoids might have been 

influencing hypoxic VEGF production, we analyzed prostanoid production in cells 

that had been maintained in normoxia and hypoxia for 24 hours. We chose to 

examine prostanoid production at this time point because the cells remained 

viable and demonstrated maximal VEGF production. Hypoxic treatment 

significantly increased (p < 0.02) levels of PGE2. Although levels of PGF2, PGI2, 

Figure 17. The effect of COX-2 deletion on VEGF protein. VEGF production was reduced in 
hypoxia-treated COX-2 null cells, compared to wild-type cells, at every time point.  This effect 
was statistically significant (* p < 0.05) after 12, 18, and 24 hours of hypoxic treatment, 
indicating that VEGF production is partially COX-2-dependent. Each bar represents mean + 
SD. 
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and TXA2 also were increased by hypoxia, the results were not statistically 

significant (Figure 18). We performed the same survey in COX-2 null Müller 

cells, and as expected, baseline (normoxia) prostanoid production was 

dramatically reduced and the cells failed to demonstrate any hypoxia-reactivity 

(data not shown). These data demonstrate that several of the prostanoids are 

increased in the wild-type response to hypoxia, and suggest that PGE2, 

particularly, may play an important role in VEGF production by hypoxic mouse 

Müller cells. 

 

 

Figure 18. The effect of hypoxia on prostanoid production by wild-type mouse Müller cells. 
Twenty four hours of hypoxia led to significantly increased (* p < 0.02) levels of PGE2. 
Although levels of PGF2, PGI2, and TXA2 were increased by hypoxia, the results were not 
significant. Each bar represents mean + SD. 



  67 

Effect of PGE2 and PKA inhibitor H-89 on prostanoid production 

In order to more clearly define the role of COX-2-derived PGE2 on VEGF 

production, Müller cells were treated with PGE2 and their ability to produce VEGF 

was assessed (Figure 19). We chose to use wild-type cells because the COX-2 

null cells do not produce measurable quantities of VEGF following overnight 

serum-starvation and subsequent treatment with a low serum concentration, as 

required in this assay. We chose to use PGE2 (10 µM dinoprostone) because our 

GC-MS data (Figure 18) indicated that this prostanoid was significantly 

increased by hypoxia. We chose to treat the cells for 12 hours because there 

Figure 19. The effect of PGE2 and PKA inhibition on VEGF production by wild-type mouse 
Müller cells. Twelve hours of PGE2 (10 µM) treatment significantly (* p < 0.0039) increased 
VEGF production by Müller cells. The PGE2-induced increase in VEGF was completely 
inhibited († p < 0.0055) by treatment with 5 µM H-89, a PKA inhibitor. These data suggest 
that the effect of PGE2 on VEGF induction is mediated by the EP2 and/or EP4 receptors. Each 
bar represents mean + SD. 
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was a 6-12 hour lag time between maximal COX-2 induction and maximal VEGF 

production, and we believe that these two events are mechanistically linked and 

that 12 hours may be needed for COX-2 and the prostanoids to affect the VEGF 

transcription and translation machinery. Dinoprostone significantly (* p < 0.0039) 

increased VEGF production. The PGE2-induced increase in VEGF was 

completely inhibited († p < 0.0055) by treatment with the PKA inhibitor H-89. 

These data suggest that the effect of PGE2 on VEGF induction is mediated by 

the EP2 and/or EP4 receptors, receptors known to signal through the PKA 

pathway (192). 

 

3.5 Discussion 

 

Recent studies indicate that inhibiting the COX enzymes is an effective 

means by which to inhibit VEGF production and NV in relevant models of ocular 

disease (107,110-13,187-189). COX inhibitors have demonstrated efficacy in 

corneal, retinal, and choroidal models of angiogenesis. Although these studies 

have demonstrated the efficacy of COX inhibition at reducing the production of 

VEGF and NV, little work has been done to determine the mechanism by which 

COX-2 and its prostanoid products mediate VEGF production and the resultant 

ocular angiogenesis. In this study, we used an in vitro assay of hypoxia-induced 

VEGF production to examine the role of COX-2 and the prostanoids in mediating 

VEGF production by mouse retinal Müller cells, the cells that most consistently 

and dramatically increase production of VEGF in response to angiogenic 
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stimulation, as a necessary first step in the process of defining a more specific 

therapeutic target in the treatment of retinal NV (32-34,186).  

It is well known that retinal ischemia-induced hypoxia is one driving force 

behind retinal NV (114,115). It is also known that hypoxic challenge induces 

COX-2 in various cell types, including vascular endothelial cells, corneal 

epithelial cells, and various tumor cell lines (83,193-197). We looked at the COX-

2 response of mouse Müller cells exposed to hypoxia for increasing periods of 

time. In response to hypoxia, wild-type mouse Müller cells demonstrated 

significantly increased levels of COX-2 and prostanoid production (Figures 14, 

15 and 18). These data agree with the findings of others (referenced above) and 

were expected, COX-2 is an immediate early gene, rapidly and transiently 

induced by a variety of stimuli (198). Herein, we have also shown that wild-type 

mouse Müller cells demonstrated significantly increased levels of VEGF in 

response to hypoxia (Figure 16), and VEGF levels were increased with a 

temporal sequence that lagged behind COX-2 induction and activity. The time 

sequence of VEGF production by hypoxic mouse Müller cells is consistent with 

the hypothesis that there are COX-2-dependent aspects of VEGF production.  

Previous studies have demonstrated that COX-2 is involved in mediating 

growth factor production in various cell types, and in response to various stimuli 

(75,76). The present study has shown that COX-2 was upregulated and activated 

by hypoxia, and VEGF levels were increased, in an in vitro assay of hypoxia-

induced VEGF production. We have also shown that, compared to wild-type 

cells, COX-2 null mouse Müller cells treated with hypoxia produce significantly 
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less VEGF (Figure 17). This finding suggests that COX-2 and its prostanoid 

products play a role in the VEGF response of Müller cells. These data agree with 

the findings of others; researchers studying angiogenesis related to various 

cancers and other neovascularizing conditions have demonstrated, using 

pharmacologic and genetic manipulation of COX-2, that COX-2 inhibition resulted 

in reduced VEGF production, in vitro and in vivo (77-80). Of more relevance to 

the eye, NSAID use has been effective at reducing the production of VEGF and 

NV in relevant models of ocular disease (107,110-113,154,187-189). Our findings 

have important implications for conditions characterized by retinal NV. Retinal 

hypoxia leads to increased production of VEGF, and VEGF is thought to be a 

principal mediator of the angiogenesis that occurs in retinal NV (22). The Müller 

cells most consistently and dramatically increase production of VEGF in 

response to retinal hypoxia (32-34,186). We have shown that genetic deletion of 

COX-2 and the resultant reduction in prostanoid synthesis led to a significant 

reduction in hypoxia-induced VEGF production by Müller cells. However, COX-2 

activity leads to the production of five bioactive prostanoid products. Thus, our 

results led us to investigate which of the prostanoids were involved in VEGF 

production by mouse Müller cells, in order to define a more selective 

chemotherapeutic target for the treatment and management of retinal NV. 

COX-2 activity results in the formation of five biologically active 

prostanoids (PGD2, PGE2, PGF2, PGI2, TXA2). In response to hypoxia, wild-type 

mouse Müller cells demonstrated significantly increased levels of PGE2 (Figure 

18), suggesting that this prostanoid might play a role in mediating VEGF 
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production. In fact, treating Müller cells with PGE2 significantly increased VEGF 

production (Figure 19). Of relevance to our focus, Cheng et al., using pure, 

primary cultures of rat Müller cells, demonstrated that PGE2 significantly induced 

VEGF mRNA, with maximal VEGF mRNA noted 2 hours post-prostaglandin 

treatment (75). Our PGE2 data confirms what has been shown in the literature – 

that PGE2 stimulates VEGF production in widely diverse cell types (132,199-

203). PGE2 affects a wide range of physiological and pathological processes by 

binding to distinct cell surface G-protein-coupled receptors (GPCRs). PGE2 binds 

and activates one (or more) prostaglandin E (EP) receptors: EP1, EP2, EP3, and 

EP4 (67). The receptors demonstrate distinct, as well as opposing, effects on 

intracellular signaling events. Of these receptors, EP2 and EP4 couple to Gs and 

mediate a rise in cAMP concentration and subsequent PKA activity. We chose to 

focus our attention on these receptors because Müller cells derived from EP1 and 

EP3 null mice failed to inhibit hypoxia-induced VEGF production by Müller cells 

(Appendix 2). There have been numerous reports in the literature demonstrating 

a role of these two receptors in mediating PGE2-induced angiogenic cell 

behaviors (132,199-201). We sought to determine whether this was the case in 

our model system. Of particular interest, in our model system, hypoxia led to a 

2.5-fold increase in PKA activity (data not shown). As shown in Figure 19, the 

PKA inhibitor virtually abolished PGE2-induced VEGF production in mouse Müller 

cells. These findings agree with a large body of published findings (75,204-1206). 

Our data suggests that PGE2 signals through the EP2 and/or EP4 receptor(s), 

activating PKA, which ultimately leads to VEGF production by Müller cells.  
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Although we have focused our attention on PGE2 and its cognate 

receptors, it is possible that one or more of the other prostanoids, specifically 

PGI2 or PGF2, both of which were stimulated by hypoxia (Figure 18), play a role 

in mediating retinal NV. These prostanoids signal through the IP and FP 

receptors, respectively. A review of these receptors implicates both of them in 

angiogenic cell behaviors and tumor progression (207). Additionally, the IP 

receptor is predominantly coupled to Gs, meaning that its activation leads to 

increased cAMP production and PKA activity. In the future, it will be important to 

determine whether all prostanoids that demonstrate pro-angiogenic activity in 

Müller cells signal through PKA, and affect VEGF production similarly. To more 

clearly define the specific role(s) of the EP2 and EP4 receptors, as well as the IP 

and FP receptors in retinal NV, we have planned studies using pharmacologic 

agents as well as genetically modified mice and cells derived from their retinas. 

Preliminary, non-optimized studies have shown that latanoprost, a PGF2 analog, 

significantly increased VEGF production by COX-2 null Müller cells (Appendix 

3). 

We have, for the first time, used COX-2 null mouse Müller cells to show 

that COX-2 and at least one of its prostanoid products, PGE2, is involved in 

VEGF production. Our study implicates PGE2, signaling through the EP2 and/or 

EP4 receptor(s), in mediating the VEGF response of the cells. Figure 20 depicts 

our working model, illustrating how COX-2 activation leads to VEGF production in 

these cells. This information may provide a more selective chemotherapeutic 
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target for the prevention and/or treatment of conditions in which retinal 

angiogenesis is a pathologic feature. 

 

 

 

 

 

Figure 20. A flowchart demonstrating the way that we hypothesize COX-2 mediates hypoxia-
induced VEGF production by Müller cells. In response to hypoxia, COX-2 is up-regulated, 
leading to increased production of pro-angiogenic PGE2. PGE2 binds to the EP2 and/or EP4 
receptors, activating G proteins that couple to increased cAMP production. cAMP activates 
PKA, which is involved in mediating VEGF production. 
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4.1 Abstract 

 

PGE2 binds to PGE2 receptors (EP1-4). The purpose of the present study 

was to investigate the role of the EP4 receptor in angiogenic cell behaviors of 

retinal Müller cells and retinal microvascular endothelial cells (RMEC), and to 

assess the efficacy of an EP4 antagonist in rat models of oxygen-induced 

retinopathy (OIR) and laser-induced choroidal neovascularization (LCNV). 

Müller cells derived from COX-2 null mice were treated with increasing 

concentrations of the EP4 agonist PGE1-OH and wild-type Müller cells were 

treated with increasing concentrations of the EP4 antagonist L-161982; VEGF 

production was assessed. Human RMEC (HRMEC) were treated with increasing 

concentrations of L-161982 and cell proliferation and tube formation were 

assessed.  Rats subjected to OIR or LCNV were administered L-161982 and 

neovascular area was measured.  

COX-2 null mouse Müller cells treated with increasing concentrations of 

PGE1-OH demonstrated a significant increase in VEGF production (p < 0.0165). 

Wild-type mouse Müller cells treated with increasing concentrations of L-161982 

demonstrated a significant decrease in VEGF production (p < 0.0291). HRMEC 

treated with increasing concentrations of L-161982 demonstrated a significant 

reduction in VEGF-induced cell proliferation (p < 0.0033) and tube formation (p < 

0.0344). L-161982 treatment significantly reduced pathological 

neovascularization in OIR (p < 0.0069) and LCNV (p < 0.0329).  
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Preliminary investigation has demonstrated that EP4 activation or inhibition 

influences the behaviors of two retinal cell types known to play roles in 

pathological ocular angiogenesis. These findings suggest that the EP4 receptor 

may be a valuable therapeutic target in neovascular eye disease. 

 

4.2 Introduction 

 

Angiogenesis, the formation of new capillaries from an existing 

vasculature, is a tightly regulated physiological process essential for 

reproduction, embryonic growth and development, and tissue repair and 

regeneration (1). In these circumstances, angiogenesis is strictly regulated and 

briefly activated.  Conversely, pathological processes, such as arthritis and 

tumorigenesis, are characterized by persistent, poorly regulated angiogenesis. In 

the eye, pathological angiogenesis, or ocular neovascularization (NV), is the 

leading cause of irreversible blindness in developed countries (9,10,12). Ocular 

NV is a defining feature of retinopathy of prematurity (ROP), proliferative diabetic 

retinopathy (PDR), and neovascular age-related macular degeneration (AMD or 

ARMD). To more effectively prevent and treat ocular NV, a thorough 

understanding of the cellular and molecular mechanisms involved is necessary. 

Retinal NV is often the result of ischemia-induced hypoxia (114,115). In 

response to retinal hypoxia, several cell types increase their production of pro-

angiogenic growth factors. Of the growth factors involved in retinal NV, vascular 

endothelial growth factor (VEGF) is recognized as the principal mediator of 
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ocular NV (32,55,116). Hypoxia-induced VEGF production has been 

demonstrated most consistently and dramatically in Müller cells, the predominant 

glial cells within the retina (32-34,186). Once VEGF is produced and secreted, it 

binds and activates two cell-surface receptor tyrosine kinases, VEGFR-1 (Flt-1) 

and VEGFR-2 (KDR/Flk-1), with high affinity (23). These receptors are expressed 

on the surface of endothelial cells. VEGFR-2 is the principle receptor involved in 

VEGF signal transduction leading to angiogenesis (49). VEGFR-2 activation 

initiates a number of signal transduction cascades leading to angiogenic 

endothelial cell behaviors such as survival, permeability, proliferation, and 

migration (23).  

The cyclooxygenase (COX) enzymes catalyze the biosynthesis of five 

biologically active prostanoids (prostaglandins and thromboxanes) from 

membrane-derived arachidonic acid.  The prostanoids include PGD2, PGE2, 

PGF2, PGI2, and TXA2. There is ample evidence of a role for COX-2, the 

inducible COX isoform, and its prostanoid metabolites, principally PGE2, in tumor 

angiogenesis (69-73).  

The prostanoids affect a wide range of physiological and pathological 

processes by binding to distinct cell surface G-protein-coupled receptors 

(GPCRs). PGE2 binds and activates one (or more) of four prostaglandin E (EP) 

receptors: EP1, EP2, EP3, and EP4 (67). The receptors demonstrate distinct, as 

well as opposing, effects on intracellular signaling events. The EP1 receptor 

couples to Gq and mediates a rise in intracellular calcium concentration. The EP2 



  79 

and EP4 receptors couple to Gs and mediate a rise in cAMP concentration. In 

contrast, the EP3 receptor couples to Gi, reducing cAMP concentration.  

Various groups have determined a direct role for PGE2 and EP4 in 

angiogenic gene expression (199,208), angiogenic cell behaviors (209-215), and 

the angiogenic component of tumor growth (209,216-219). However, the majority 

of these studies have been conducted using in vitro and in vivo models of colon 

cancer.  It remains to be determined whether the EP4 receptor plays a similar 

role in ocular NV. 

In this study, in vitro experiments were performed to investigate the 

influence of the EP4 receptor on discrete aspects of retinal angiogenesis.  First, 

prostanoid-mediated VEGF production was assayed to investigate the role of the 

EP4 receptor in stimulating Müller cell VEGF production.  Second, the effect of 

EP4 receptor antagonism on VEGF-induced endothelial cell proliferation and tube 

formation was investigated in retinal microvascular endothelial cells (RMEC).  

Finally, to further investigate the therapeutic potential of EP4 receptor antagonism 

for human use, two clinically relevant in vivo models of ocular NV were used.  

Rat models of retinal and choroidal NV were used to assess the efficacy of EP4 

receptor antagonism. These studies will help to define the role of the EP4 

receptor in mediating pathological ocular angiogenesis. 
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4.3 Materials and Methods 

 

Isolation and culture of primary mouse retinal Müller cells   

Primary retinal Müller cell cultures were established from P7 wild-type and 

COX-2 null mice (a generous gift from Dr. Sudhansu Dey, Cincinnati Children’s 

Hospital Medical Center) according to well-established methods (144). Briefly, 

enucleated eyes were placed in soaking medium, Dulbecco’s Modified Eagle 

Medium Low Glucose (DMEM; HyClone) supplemented with 1X 

Antibiotic/Antimycotic Solution (Sigma), overnight.  The following day, eyes were 

incubated in digestion buffer, comprised of the soaking medium plus 0.1% trypsin 

and 70 U/ml collagenase, for 20 minutes at 37ºC.  Retinas were then dissected, 

triturated, plated, and grown in DMEM supplemented with 10% fetal bovine 

serum and 1X Antibiotic/Antimycotic Solution.  Cultures were maintained at 37ºC 

in a 5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) in a humidified 

incubator (NuAire).  Passages three to six were used for experiments. 

 

Culture of human retinal microvascular endothelial cells (HRMEC)  

Human retinal microvascular endothelial cells (HRMEC; Cell Systems) 

were cultured in tissue flasks coated with attachment factor (Cell Signaling) in 

endothelial basal medium (EBM; Cambrex) supplemented with 10% FBS and 

EGM single quots (Cambrex). When experimental conditions required serum free 

(SF) medium, EBM with no FBS or single quots was used. Cultures were 
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maintained at 37ºC in a 5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) 

in a humidified incubator. 

 

Müller cell VEGF induction 

Müller cells were isolated from wild-type and COX-2 null mice and grown 

to 70% sub-confluency. In one experiment, COX-2 null cells were serum-starved 

for 12 hours (DMEM supplemented with 1X Antibiotic/Antimycotic Solution) and 

then treated with vehicle (0.1% DMSO) or increasing concentrations (0.1 to 10 

µM) of the PGE2 EP4 agonist, PGE1-OH (Cayman Chemical), in 2% serum 

medium.  After 6 hours, culture medium from experimental dishes was collected 

and assayed for VEGF protein concentration. In a separate experiment, wild-type 

mouse Müller cells were serum-starved for 12 hours, and then pre-treated with 

vehicle (0.1% DMSO) or increasing concentrations (1 to 5 µM) of the EP4 

antagonist, L-161982, in 2% serum medium. Forty-five minutes later, the cells 

were treated with 10 µM PGE2 (Cayman Chemical). After 12 hours, culture 

medium from experimental dishes was collected and assayed for VEGF protein 

concentration. For both experiments, VEGF protein concentration was measured 

using the mouse VEGF-164 ELISA kit (R&D Systems) according to the 

manufacturer’s instructions.  Cells were washed with cold calcium- and 

magnesium-free PBS (Invitrogen Corporation) and lysed with cold lysis buffer 

(Promega). The amount of VEGF (pg/ml) in culture medium was normalized to 

total protein concentration (mg/ml) of cell lysates using a BCA assay (Pierce). 

These experiments were independently repeated two times. 
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HRMEC proliferation 

HRMEC were seeded in 10% serum EBM at 3x103 cells per well in a 96-

well plate, and allowed to attach and settle.  HRMEC were serum-starved for 12 

hours, and then treated with 1% serum medium in the absence or presence of 25 

ng/ml VEGF. Some of the cells treated with VEGF received increasing 

concentrations (1 to 5 µM) of L-161982, for 24 hours. Cells were then labeled 

with BrdU for 12 hours, and BrdU incorporation was quantified with a colorimetric 

ELISA (Roche; Indianapolis, IN) according to the manufacturer’s instructions. 

The experiment was independently repeated four times. 

 

HRMEC tube formation 

Six-well tissue culture plates were coated with 500 µL of growth factor-

reduced Matrigel (Becton-Dickinson). HRMEC were seeded at 40,000 cells/well 

and treated with serum-free EBM containing vehicle (0.1% DMSO) or 3, 5 or 10 

µM L-161982. The cells were cultured for 24 hours at 37ºC in a 5% CO2 

atmosphere. Tubes were observed with an IMT-2 inverted microscope 

(Olympus), and images were captured with a DMC digitizing camera (Polaroid 

Corporation). Six fields per well were captured for quantitative analysis. The 

digitized images were imported into Image J software (NIH). Capillary-like 

structures of more than two cell lengths were assessed, and the mean tube 

length per field of each well was calculated. The average tube length of each 
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treatment group was reported. The experiment was independently repeated three 

times. 

 

Oxygen-induced retinopathy (OIR) 

All animal procedures used in this study were approved by the Vanderbilt 

University Institutional Animal Care and Use Committee and were performed in 

accordance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research. Litters of Sprague-Dawley rat pups and their mothers (Charles 

River Laboratories) were transferred within four hours after birth to oxygen 

exposure chambers where they received alternating 24 hour periods of 50% 

oxygen and 10% oxygen for 14 days (143). On post-natal day 14 (P14), the 

oxygen-exposed rats were returned to room air. Vehicle (0.1% DMSO) or the EP4 

antagonist, L-161982 (0.01, 0.1, and 0.7 µM), was administered to oxygen-

exposed rats at P14 by intravitreal injection, according to well-established 

methods (145). Six days after removal to room air, on P20, the rats were 

sacrificed, and their retinas dissected. Following dissection, the retinas were 

stained with ADPase, using well-established methods (171). Abnormal retinal 

neovascularization was measured via computer-assisted image analysis (145). 

 

Laser-induced choroidal neovascularization (LCNV) 

Laser-induced rupture of Bruch’s membrane was performed to produce 

CNV in 6-week-old, male Brown Norway rats, as previously described (220). 

Using a hand-held cover slip as a contact lens, an argon laser photocoagulator 
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(532 nm) mounted on a slit-lamp (Coherent Novus Omni) was employed to 

create four lesions in both the left and right eyes of each animal (50 µm spot size, 

0.1 second duration, 360 mW). The animals’ eyes were then divided into the 

following treatment groups [vehicle (0.1% DMSO); 0.01 µM L-161982; 0.1 µM L-

161982; 1 µM L-161982] and received an intravitreal injection at the temporal ora 

1, 3, and 7 days following laser treatment. Fourteen days after laser application, 

rats were sacrificed to measure the extent of CNV at the Bruch’s membrane 

rupture sites. Endothelial cells in CNV lesions were identified by staining RPE-

Bruch’s membrane-choroid flatmounts using FITC-conjugated isolectin B4 

(Sigma), and the elastin of the extracellular matrix was identified using an elastin 

antibody conjugated to Cy3 (Sigma). Areas of abnormal vascular growth were 

measured via computer-assisted image analysis using high-resolution digital 

images of the stained choroid-sclera-RPE flat-mounts. This experiment was 

independently repeated two times.  

 

Statistical analysis 

Data were analyzed with commercial software (JMP; SAS Institute). 

Analysis of variance (ANOVA) with appropriate post-hoc analyses were used to 

analyze data. 
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4.4 Results 

 

Effect of an EP4 agonist, PGE1-OH, on VEGF production 

To investigate the contribution of the PGE2 EP4 receptor to VEGF 

production, COX-2 null Müller cells were treated with increasing concentrations 

(0.1 to 10 µM) of PGE1-OH, an EP4 receptor agonist. Treatment lasted 6 hours. 

Agonism of the EP4 receptor significantly (* p < 0.0001; † p < 0.006; ‡ p < 

0.0165) increased VEGF production by COX-2 null Müller cells, in a dose-

dependent manner (Figure 21). 

Figure 21. The effect of an EP4 agonist, PGE1-OH, on VEGF production in COX-2 null 
mouse Müller cells. PGE1-OH significantly increased VEGF production by COX-2 null cells. 
Each bar represents the mean ± SD. * p < 0.0001; † p < 0.006; ‡ p < 0.0165 (Dunnet’s post-
hoc analysis). For each bar, n = 4. 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Effect of an EP4 antagonist, L-161982, on PGE2-induced VEGF production 

To further investigate the contribution of the PGE2 EP4 receptor to VEGF 

production, wild-type Müller cells were pre-treated with increasing concentrations 

(1 to 5 µM) of L-161982, an EP4 receptor antagonist, for 45 minutes, followed by 

10 µM PGE2 stimulation. Treatment lasted 12 hours. Antagonism of the EP4 

receptor significantly (* p < 0.0066; † p < 0.0291) decreased PGE2-induced 

VEGF production by wild-type Müller cells (Figure 22). 

 

Figure 22. The effect of an EP4 antagonist, L-161982, on PGE2-induced VEGF production by 
wild-type mouse Müller cells. L-161982 pre-treatment significantly decreased PGE2-induced 
VEGF production by wild-type mouse Müller cells. Each bar represents the mean ± SD. * p < 
0.0066; † p < 0.0291 (Dunnet’s post-hoc analysis). For each bar, n = 4. 
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Effect of an EP4 antagonist, L-161982, on VEGF-induced HRMEC 

proliferation 

To investigate the contribution of the EP4 receptor to VEGF-induced 

HRMEC proliferation, HRMEC were treated with VEGF and increasing 

concentrations (1 to 5 µM) of the EP4 receptor antagonist, L-161982. L-161982 

significantly (* p < 0.0001; † p < 0.0033) inhibited VEGF-induced cell proliferation 

in HRMEC (Figure 23). 

 

 

 

Figure 23. The effect of an EP4 antagonist, L-161982, on VEGF-induced HRMEC 
proliferation. HRMEC proliferation was stimulated with 25 ng/ml VEGF. L-161982 significantly 
decreased VEGF-induced cell proliferation in HRMEC. Each bar represents the mean ± SD. * 
p < 0.0001; † p < 0.0033 (Dunnet’s post-hoc analysis). For each bar, n = 11. 
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Effect of an EP4 antagonist, L-161982, on HRMEC tube formation 

To investigate the influence of the EP4 receptor on HRMEC tube 

formation, HRMEC were treated with increasing concentrations (3 to 10 µM) of 

the EP4 receptor antagonist, L-161982. L-161982 caused a dose-dependent 

decrease in HRMEC tube formation, and significantly (* p < 0.0344) inhibited 

tube formation at the highest dose tested (Figure 24 and 25). 

Figure 24. The effect of an EP4 antagonist, L-161982, on HRMEC tube formation. L-161982 
significantly decreased tube formation in a dose-dependent manner. Each bar represents the 
mean ± SD. * p < 0.0344 (Dunnet’s post-hoc analysis). For each bar, n = 3. 
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Effect of an EP4 antagonist, L-161982, on OIR in the rat 

Figures 21 through 25 demonstrate that EP4 activation or inhibition 

influences the behaviors of two retinal cell types that are known to play roles in 

the pathological ocular angiogenesis characteristic of neovascular retinopathies. 

Next, the efficacy of the EP4 antagonist L-161982 was tested in the rat model of 

OIR. At P14, OIR rats received either vehicle (0.1% DMSO) or L-161982 (0.01, 

Figure 25. The effect of an EP4 antagonist, L-161982, on HRMEC tube formation. L-161982 
(10 µM) significantly decreased tube formation, as depicted in representative 
photomicrographs. A. HRMEC treated with vehicle (0.1% DMSO); B. HRMEC treated with 10 
µM L-161982. 
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0.1, or 0.7 µM) by intravitreal injection. Six days post-injection, the retinas were 

dissected, flat-mounted, stained, and assessed for extent of neovascularization 

via computer-assisted image analysis. As shown in Figures 26 and 27, EP4 

receptor antagonism significantly [0.769 ± 0.141 (0.7 µM) * p < 0.0001; 1.088 ± 

0.210 (0.1 µM) † p < 0.001; 1.267 ± 0.175 (0.01 µM) ‡ p < 0.0069 vs. 2.126 ± 

.204 mm2 (vehicle-treated)] inhibited the severity of neovascularization in the OIR 

model. 

Figure 26. The effect of an EP4 antagonist, L-161982, on the severity of oxygen-induced 
retinopathy in the rat. L-161982 significantly decreased the severity of OIR in a dose-dependent 
manner. Each bar represents the mean ± SEM. * p < 0.0001; † p < 0.001; ‡ p < 0.0069 (Dunnet’s 
post-hoc analysis). For vehicle, n = 9; 0.01 and 0.1 µM, n= 10; 0.7 µM, n = 11. 
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Effect of an EP4 antagonist, L-161982, on the severity of LCNV in the rat 

The efficacy of L-161982 was tested in a second model of ocular 

neovascularization, the rat model of LCNV. Rats received intravitreal injections of 

vehicle (0.1% DMSO) or 0.01, 0.1, or 1 µM L-161982 on days 1, 3, and 7 

following laser treatment. Rats were sacrificed 14 days post-laser treatment. 

Analysis of stained flatmounts demonstrated that L-161982 significantly [172.666 

± 18.068 (drug-treated) vs. 257.133 ± 12.472 µm2 (vehicle-treated); * p < 0.0329] 

reduced the severity of the LCNV response at the highest concentration tested (1 

Figure 27. The effect of an EP4 antagonist, L-161982, on the severity of oxygen-induced 
retinopathy in the rat, as visualized by representative ADPase-stained retinal flat mounts. L-
161982 significantly decreased the severity of OIR. A. Eye treated with vehicle (0.1% 
DMSO); B. Eye treated with 0.7 µM L-161982. 
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µM), as indicated by a reduced area of choroidal endothelial cell infiltration at the 

lesion site (Figures 28 and 29).                                                          

 

4.5 Discussion 

 

The COX-2 enzyme leads to the production of five bioactive lipids 

(prostanoids) that mediate diverse physiological and pathophysiological 

processes. Of the prostanoids, PGE2 is most consistently increased in 

angiogenic human tumors (69-73). We have demonstrated that PGE2 is 

Figure 28. The effect of an EP4 antagonist, L-161982, on the severity of laser-induced 
choroidal neovascularization in the rat. The highest concentration of L-161982 significantly 
decreased the severity of LCNV. Each bar represents the mean ± SEM. * p < 0.0329 
(Fisher’s LSD post-hoc analysis). For vehicle and 1 µM, n = 16; 0.01 µM, n = 28; 0.1 µM, n = 
24. 
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increased in in vitro experiments that model retinal angiogenic cell behaviors, 

and in in vivo models of retinal angiogenesis (data not shown). Preliminary 

studies conducted in our lab suggest that the effect of PGE2 on retinal 

angiogenesis is mediated by the EP4 receptor. This hypothesis is based on the 

following preliminary findings: 1) Müller cells derived from EP1 and EP3 knockout 

Figure 29. The effect of an EP4 antagonist, L-161982, on the severity of laser-induced 
choroidal neovascularization in the rat, as visualized by isolectin B4 (green) and elastin (red) 
stained RPE-Bruch’s membrane-choroid flat mounts. The highest concentration of L-161982 
was able to significantly decrease the severity of LCNV, as indicated by decreased choroidal 
endothelial cell infiltration around the laser-induced wound site. A. Eye treated with vehicle 
(0.1% DMSO); B. Eye treated with 1 µM L-161982. 
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mice fail to inhibit angiogenic cell behavior, as measured by hypoxia-induced 

VEGF production (Appendix 2); and 2) specific agonists of EP1-3 fail to elicit a 

VEGF response in COX-2 knockout Müller cells. To our knowledge, this study is 

the first to examine and demonstrate a role for the EP4 receptor in retinal 

angiogenesis.  

Müller cells derived from COX-2 null mice exhibit reduced VEGF 

production (Yanni SE, et al. IOVS 2007;48:ARVO E-Abstract 51), presumably 

due to the absence of COX-2 and pro-angiogenic prostanoid production. We 

have demonstrated that VEGF can be stimulated in COX-2 null Müller cells by 

the EP4 agonist PGE1-OH (Figure 21). Compared to wild-type cells, COX-2 null 

cells in culture do not demonstrate any significant difference in the protein level 

of EP4 (data not shown). This suggests that the results in Figure 21 are not due 

to EP4 compensation in COX-2 null cells. We have also demonstrated that PGE2-

induced VEGF can be inhibited by the EP4 receptor antagonist, L-161982 

(Figure 22). To our knowledge, this study is the first to use primary cultures of 

Müller cells derived from COX-2-deficient mice. Our Müller cell data compliments 

a growing body of data in the literature: various cell types and model systems 

have been used to demonstrate that VEGF production is at least partially 

dependent on the EP4 receptor (199,201,216,221,222). We have also 

demonstrated that HRMEC treated with the EP4 antagonist L-161982 exhibit 

reduced VEGF-induced cell proliferation and tube formation (Figures 23 – 25). 

Notably, L-161982 significantly inhibits HRMEC proliferation at a concentration 

lower than that required to inhibit HRMEC tube formation. Under our assay 
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conditions, tube formation requires little, if any, cell proliferation. The finding that 

L-161982 more effectively inhibits HRMEC proliferation than tube formation 

suggests that the EP4 receptor differentially regulates angiogenic endothelial cell 

behaviors, exerting a much stronger influence on proliferation than migration. 

The fact that only the highest concentration (10 µM) of L-161982 demonstrated 

an effect on HRMEC tube formation suggests that the EP4 receptor might not 

play an important role in vascular reorganization (as modeled by this assay), but 

may play a more important role in sprouting angiogenesis. Additional 

experiments could be used to corroborate the role of EP4 in sprouting 

angiogenesis in vitro. Additionally, in order to more clearly define the activity of L-

161982, it will be necessary to explore the signal intermediates affected by drug 

treatment. Our HRMEC data also complement the literature, which demonstrates 

that in other cell types, the EP4 receptor is involved in ERK activation, cell 

proliferation, and angiogenic cell behavior (211,213,214). Ideally, the 

investigators would have liked to assess the effect of EP4 agonism in VEGF-

induced HRMEC assays (proliferation and tube formation). The appropriate way 

to perform this experiment is in the absence of endogenous prostaglandin 

production and influence. Therefore, cells isolated from COX-2 null mice are the 

optimal experimental venue. Unfortunately, this approach is not possible for the 

following reasons: in culture, COX-2 null mouse RMEC (MRMEC) lose their EC 

phenotype, and do not survive passaging, rendering them useless in in vitro 

assays of the type required. After unsuccessfully trying this approach, the 

authors investigated siRNA knockdown of COX-2 in HRMEC, in order to use 
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knockdown cells for agonist studies. However, only 60% knockdown was 

obtained, despite trying several siRNA sequences alone and in combination. In 

these cases, enough residual COX-2 activity remained to confound the results 

obtained using knockdown cells treated with the EP4 agonist. In the future, it will 

be of great value to attempt to isolate MRMEC from COX-2+/- mice (cells that 

have less COX-2 protein than wild-type cells), followed by siRNA knockdown of 

residual COX-2. This experimental approach may yield MRMEC lacking COX-2 

activity, which can be used in the assays described above. Alternatively, other 

means of achieving stable knockdown should be explored. 

These experiments indicate that the EP4 receptor mediates distinct 

angiogenic cell behaviors in two retinal cell types that are known to play roles in 

the pathological ocular angiogenesis characteristic of neovascular retinopathies. 

This finding is significant because it suggests that EP4 receptor inhibition has the 

potential to affect the ocular angiogenic cascade at more than one point, 

providing a more powerful and effective therapeutic target for angiogenic 

diseases of the eye and other tissues. 

As an initial step in determining therapeutic potential, we tested the 

efficacy of the EP4 antagonist L-161982 in rat models of OIR and LCNV and have 

shown that this compound reduced the severity of neovascularization in both 

model systems (Figures 26 – 29). In both models, L-161982 was injected into 

the vitreous cavity. Thus, L-161982 may be more bioavailable at sites of pre-

retinal NV than at sites of sub-retinal NV, explaining the drug’s superior 

performance in OIR vs. LCNV. L-161982, at high concentrations, binds and 
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activates the angiotensin II AT1 receptor, which has angiogenic activity (223). Of 

particular relevance, the angiogenic activity of the AT1 receptor has been 

demonstrated in a mouse model of oxygen-induced retinopathy (224,225). 

Additionally, L-161982 has the following Ki values for other prostanoid receptors 

(in µM): 0.024 for EP4, 0.71 for TP, 1.90 for EP3, 5.10 for DP, 5.63 for FP, 6.74 

for IP, 19 for EP1 and 23 for EP2. Some of these receptors have demonstrated 

angiogenic activity, as detailed in the literature (207). Thus, the in vivo 

concentrations chosen should be selective for EP4. For this reason, we chose to 

inject low concentrations of L-161982 in the OIR and LCNV models. In order to 

complement the data presented herein, and to more clearly define the specific 

role(s) of the EP4 receptor in ocular neovascularization, without the confound of 

AT1 receptor activation, studies using EP4 null cells and animals are currently 

underway. Preliminary data suggests that the pharmacologic data presented 

here will be validated by studies using genetically modified mice and cells 

derived from their retinas. 

Various models of in vivo angiogenesis and tumor growth have similarly 

demonstrated the EP4 receptor to be pro-angiogenic, and that EP4 receptor 

inhibition elicits an anti-angiogenic effect (209,214,216,218,219). The data 

presented here suggest that the EP4 receptor exerts its angiogenic influence by 

promoting VEGF production by Müller cells and that antagonism of the receptor 

inhibits VEGF production by Müller cells and endothelial cell proliferation and 

tube formation. These novel findings suggest that EP4 receptor antagonism may 
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be a rational therapeutic strategy for the treatment of human neovascular eye 

disease. 
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CHAPTER V 

 

CONCLUDING REMARKS 

 

COX-2 and the prostanoids are up-regulated in many types of human 

cancers (70,226-228). These findings implicate these proteins in the 

angiogenesis that occurs as a part of the disease process. In fact, COX-2 

inhibition has proven to be an effective means by which to inhibit tumor growth in 

animal models of disease (69,229-231). In large part due to data derived from 

coxib-treated animals, there have been several hundred clinical trials designed to 

assess the efficacy of COX-2 inhibitors, alone or as a therapeutic adjuvant, on 

the regression of human tumors. Unfortunately, many of the human clinical trials 

using COX-2 inhibitors were suspended because of the occurrence of adverse 

cardiovascular effects (232,233). Broad inhibition of COX-2 and all five of the 

downstream prostanoids appears to be a therapeutic strategy of limited clinical 

utility. This is likely because the prostanoids mediate a wide variety of 

physiological, as well as pathophysiological, processes. Selectively inhibiting one 

component of the COX-2 enzymatic cascade (e.g., one of the five prostanoids, or 

one of the nine receptors) may provide a more rational approach, one that is 

safer and more tolerable, but remains highly effective. 

In the eye, various groups have demonstrated that COX inhibitors reduced 

the severity of pathological ocular angiogenesis in animal models 

(77,95,107,108,110-113,189). However, little work has been done to determine 
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which of the COX-2-derived prostanoid(s) is (are) involved in mediating VEGF 

production, downstream angiogenic endothelial cell behaviors, and ocular 

angiogenesis. Because of this gap in ocular angiogenesis research, we 

examined the specific involvement of COX-2, COX-2-derived prostanoids, and 

prostanoid receptors in ocular angiogenesis. The goal of our research was two-

fold. We wanted to: 1) better understand the role of COX-2-derived prostanoids 

in ocular angiogenic disease, and 2) use the knowledge gained through our 

research to identify more specific therapeutic targets. 

In order to better understand ocular angiogenesis, we typically distill it into 

its two most basic components: growth factor production by Müller cells, and 

growth factor consumption by (and stimulation of angiogenic cell behaviors in) 

endothelial cells. Surprisingly, NSAID-treated Müller cells did not demonstrate 

reduced hypoxia-induced VEGF production (Figure 8A). This finding contrasted 

with a body of scientific data, collected from a variety of cell types, which 

demonstrated the capacity of NSAIDs to inhibit pro-angiogenic VEGF production 

(79,155,234-236). However, COX-2 is an enzyme, and therefore despite NSAID 

treatment, it is likely that residual COX-2 activity remained, which stimulated 

prostanoid production, and resulted in VEGF induction. In order to address this 

possibility, we isolated Müller cells derived from COX-2 and prostanoid receptor 

knockout animals. We showed that genetic deletion of COX-2 significantly 

reduced hypoxia-induced VEGF production (Figure 17), the principal growth 

factor responsible for the development of retinal NV. Furthermore, and more 

specifically, we showed that of the COX-2-derived prostanoids, PGE2 was 
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significantly increased in response to hypoxia (Figure 18), and a stable analog of 

PGE2 stimulated VEGF production by Müller cells (Figure 19). This finding 

complements that of Cheng et al., who demonstrated that PGE2 stimulated an 

increase in VEGF mRNA in cultured rat Müller cells (75). It is also likely that one 

of the other COX-2-derived prostanoids, specifically PGF2 or PGI2, both of which 

were increased by hypoxia, participates in VEGF production by Müller cells. In 

order to address this question unequivocally, future experiments should be 

designed using COX-2 null cells and stable analogs of each of the prostanoids, 

alone and in combination. Preliminary, non-optimized studies have shown that 

latanoprost, a PGF2 analog, significantly increased VEGF production by COX-2 

null Müller cells (Appendix 3). This finding suggests that the FP receptor may 

constitute a rational therapeutic target in neovascular eye disease, either alone 

or in combination with other prostanoid receptors. This experiment, and a 

complementary experiment using a PGI2 analog, must be optimized and 

repeated. Studies are underway to determine the effects of FP and IP 

antagonism on hypoxia-induced VEGF production by Müller cells.  

Our Müller cell data motivates a complementary set of experiments to be 

performed downstream, in endothelial cells. Specifically, it is of importance to 

understand: which prostanoids are increased by VEGF-treatment of RMEC; do 

RMEC increase production of the same prostanoids as Müller cells, under 

relevant treatment conditions (i.e., VEGF treatment); does genetic deletion of 

COX-2 affect VEGF-induced RMEC angiogenic cell behaviors (survival, 

proliferation, migration, permeability); does one prostanoid, or several in 
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combination, rescue the phenotype (if there is one) of COX-2 null RMEC? The 

most ideal venue for many of the experiments listed above is COX-2 null RMEC. 

While we have successfully isolated these cells, we have been unsuccessful in 

our attempts to amplify them, or with achieving adequate knockdown with siRNA. 

Future efforts should be spent optimizing one of these two methodologies. It will 

be of great value to attempt to isolate MRMEC from COX-2+/- mice (cells that 

have less COX-2 protein than wild-type cells), followed by siRNA knockdown of 

residual COX-2. This experimental approach may yield MRMEC lacking COX-2 

activity, which can be used in endothelial cell assays. Alternatively, other means 

of achieving stable knockdown in RMEC should be explored. Stable analogs of 

PGF2 and PGI2, as well as inhibitors of FP and IP, are currently being assessed 

in angiogenic endothelial cell assays. Once these experiments have been 

completed, the vision research community will have a more thorough 

understanding of the role of COX-2 in endothelial cell angiogenic behaviors. This 

information, in conjunction with the Müller cell data, will facilitate our 

understanding of the molecular basis of ocular angiogenic disease, as well as the 

development of a more specific therapeutic target, or combination of targets. 

As a first step towards understanding the mechanisms of, and developing 

a novel therapeutic target for, ocular angiogenic diseases, we demonstrated that 

EP4 receptor antagonism significantly inhibited angiogenic cell behaviors in two 

retinal cell types that are known to play roles in the pathological ocular 

angiogenesis characteristic of neovascular retinopathies. Specifically, EP4 

receptor antagonism inhibited Müller cell production of VEGF and endothelial cell 
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proliferation and tube formation. Additionally, antagonism of the EP4 receptor in 

vivo significantly inhibited NV associated with both OIR and LCNV (Chapter IV). 

It is important to mention that although we did achieve significant inhibition of NV 

with the EP4 antagonist, its therapeutic effect was much less dramatic than that 

of other compounds tested in the lab. In fact, intravitreal injection of an EP4 

receptor antagonist was less effective than topical administration of a broad COX 

inhibitor, in our model of OIR (Figures 12 and 26). This finding suggests that: 1) 

the COX inhibitor may have exerted COX-independent anti-angiogenic effects; 

and/or 2) the EP4 receptor is not the sole prostanoid receptor with a role in this 

pathology. Thus, additional experiments should be designed to ascertain 

precisely which prostanoids are increased in VEGF-treated endothelial cells and 

their specific roles in angiogenic endothelial cell behaviors (as described above), 

compared to the prostanoids involved in Müller cell angiogenic activity, and then 

a list of prostanoid receptors with potential involvement both up- and downstream 

of VEGF production can be generated. The results of those studies might 

suggest that targeting a different prostanoid or prostanoid receptor, alone or in 

combination with EP4, will provide enhanced therapeutic efficacy, which is the 

ultimate goal of this project, and virtually all studies conducted in the Penn lab. 

Based upon our findings, we presented a simplified model (Figure 20) of 

the way that we expect PGE2 to affect VEGF transcription in Müller cells. The 

EP4 receptor is typically coupled to a Gs G-protein, which increases the activity of 

adenylyl cyclase, and levels of intracellular cAMP (71). It has been established 

that increased cAMP activates PKA, leading to phosphorylation of CREB (and 
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other) transcription factors. Phosphorylated CREB attracts CREB-binding protein 

(CBP), and the CREB-CBP protein complex binds to the CREB response 

element (CRE) on the VEGF gene, stimulating transcription. This over-simplified 

model may be the primary mechanism by which the EP4 receptor affects VEGF 

production in other cell types (215). However, prostanoid receptors activate 

widely different intracellular signaling pathways in both tissue- and cell-specific 

manners. In fact, Fujino et al., in two different studies, demonstrated 1) that the 

EP4 receptor leads to transcriptional activation in a PI3K/ERK-dependent manner 

(237); and 2) that the EP4 receptor can couple to a Gi G-protein, inhibiting cAMP 

production in certain cell types (238). Future experiments should be designed to 

assess specifically: 1) which type of G-protein is activated by EP4 stimulation of 

Müller cells (Gs, Gi, or Gq); 2) which downstream signaling intermediates the G-

protein activates or inhibits (PKA, PKC, PI3K); and 3) specifically how their 

activation leads to transcription of the VEGF gene (which transcription factors are 

activated, and the promoter regions of the VEGF gene they bind). These studies 

will provide the vision research community with a deeper understanding of the 

role of prostanoids in at least one angiogenic cell behavior. A complementary set 

of experiments should be conducted in RMEC in order to ascertain the signaling 

intermediates that mediate angiogenic cell behaviors coupled to EP4 (and other 

prostanoid receptor) activation. 

In conclusion, these studies have contributed much of what is currently 

known about the role of COX-2 and the prostanoids in pathological ocular 

angiogenesis. Although our findings are significant, additional experiments may 
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yield discoveries that, in conjunction with the results presented herein, will 

ultimately benefit the vision community in the form of a precisely targeted, highly 

effective pharmacotherapeutic for diseases such as ROP, PDR, and AMD.  
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APPENDICES 

 

Appendix 1. Western blot demonstrating the lack of COX-2 protein in Müller cells isolated from 
COX-2 null mice. Müller cells were isolated from wild-type and COX-2 null mice. The cells were 
cultured in DMEM with 10% FBS and 1X antibiotic/antimycotic, and exposed to hypoxia for 24 
hours. Levels of COX-2 protein were assessed by western blot analysis. 

 

Appendix 2. Müller cells isolated from DP, EP1, and EP3 null mice fail to demonstrate reduced 
hypoxia-induced VEGF production. Müller cells were isolated from wild-type and receptor 
knockout mice, cultured in DMEM with 10% FBS and 1X antibiotic/antimycotic, and exposed to 
hypoxia for 24 hours. VEGF was quantified by ELISA. 
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Appendix 3. Preliminary study demonstrating the effect of latanoprost, a PGF2 analog, on VEGF 
production by COX-2 null Müller cells. COX-2 null Müller cells were serum-starved overnight, and 
then treated with increasing concentrations of latanoprost in 2% serum DMEM. Treatment lasted 
6 hours. VEGF was quantified by ELISA. * p < 0.0044 



  108 

REFERENCES 

 

1. Li WW, Talcott KE, Zhai AW, Kruger EA, Li VW (2005) The role of therapeutic 
angiogenesis in tissue repair and regeneration. Adv Skin Wound Care 18:491-
500. 

 

2. Folkman J (2001) Antiangiogenesis agents. In: DeVita VT, Hellman S, 
Rosenberg SA, eds. Cancer: Principles and Practice in Oncology. 6th ed. 
Philadelphia, PA: Lipppincott Williams &Wilkins. 

 

3. Klagsbrun M (1991) Regulators of angiogenesis: stimulators, inhibitors and 
extracellular matrix. J Cell Biochem 47:190–200. 

 

4. Folkman J, Shing Y (1992) Angiogenesis. J Biol Chem 267:10931–10934. 
 

5. Folkman J, D'Amore PA (1996) Blood vessel formation: what is its 
molecular basis? Cell 87:1153–1155. 

 

6. Risau W (1997) Mechanisms of angiogenesis. Nature 386:761–764. 
 

7. Jain RK (2003) Molecular regulation of vessel maturation. Nat Med 9:685–
693. 

 

8. Tarnawski A, Hollander D, Stachura J, Gergely H , Krause WJ, Sarfeh IJ 
(1991) Role of angiogenesis in healing of experimental gastric ulcer. In: 
Halter F, Garner A, Tytgat GNJ (eds) Mechanisms of peptic ulcer healing. 
Kluwer, Dordrecht, pp 165–171. 

 

9. Steinkuller PG, Du L, Gilbert C, Foster A, Collins ML, Coats DK (1999) 
Childhood blindness. J AAPOS 3:26-32. 

 

10. Rahmani B, Tielsch JM, Kat J, Gottsch J, Quigley H, Javitt J, Sommer A (1996) 
The cause-specific prevalence of visual impairment in an urban population. The 
Baltimore eye survey. Ophthalmology 103:1721-1726. 

 



  109 

11. Bressler NM, Bressler SB (1995) Preventative ophthalmology. Age-related 
macular degeneration. Ophthalmology 102:1206–1211. 

 

12. Lee P, Wang CC, Adamis AP (1998) Ocular Neovascularization: an 
epidemiologic review. Surv Ophthalmol 43:245-69. 

 

13. Brodell LP, Olk RJ, Arribas NP, Okun E, Johnston GP, Boniuk I, Escoffery 
RF, Grand MG, Burgess DB, Schoch LH (1987) Neovascular glaucoma: a 
retrospective analysis of treatment with peripheral panretinal cryotherapy. 
Ophthalmic Surg 18:200–206. 

 

14. Brown GC, Magargal LE, Schachat A, Shah H (1984) Neovascular 
glaucoma. Etiologic considerations. Ophthalmology 91:315–320. 

 

15. Chandra A (1995) Health aspects of pregnancy and childbirth: United 
States, 1982–88. Vital Health Stat 18:50. 

 

16. Archambault P, Gomolin JES (1987) Incidence of retinopathy of prematurity 
among infants weighing 2000 g or less at birth. Can J Ophthalmol 22:218–
220. 

 

17. Chandra SR, Gragoudas ES, Friedman E, Van Buskirk EM, Klein ML (1974) 
Natural history of disciform degeneration of the macula. Am J Ophthalmol 
78:579–582. 

 

18. Charache S (1996) Eye disease in sickling disorders. Hematol Oncol Clin 
North Am 10:1357–1362. 

 

19. Cohen SY, Laroche A, Leguen Y, Soubrane G, Coscas GJ (1996) Etiology 
of choroidal neovascularization in young patients. Ophthalmology 
103:1241–1244. 

 

20. Michaelson IC (1948) The mode of development of the vascular system of 
the retina with some observations on its significance for certain retinal 
diseases. Trans Ophthalmo Soc UK 68:137–180. 

 



  110 

21. Ashton N (1957) Retinal vascularization in health and disease. Am J 
Ophthalmol 44:7–17. 

 

22. Aiello LP (1997) Vascular endothelial growth factor: 20th-century 
mechanisms, 21st-century therapies. Invest Ophthalmol Vis Sci 38:1647–
1652. 

 

23. Byrne AM, Bouchier-Hayes DJ, Harmey JH (2005) Angiogenic and cell 
survival functions of Vascular Endothelial Growth Factor (VEGF). J Cell Mol 
Med 9:777-794. 

 

24. Tischer E, Mitchell R, Hartman T, Silva M, Gospodarowicz D, Fiddes JC, 
Abraham JA (1991) The human gene for vascular endothelial growth factor. 
Multiple protein forms are encoded through alternative exon splicing. J Biol 
Chem 266:11947-11954. 

 

25. Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its 
receptors. Nat Med 9:669-676. 

 

26. Semenza GL (2001) Regulation of hypoxia induced angiogenesis: A 
chaperone escorts VEGF to the dance. J Clin Invest 108:39-40.  

 

27. Semenza GL (2003) Angiogenesis in ischemic and neoplastic disorders. 
Annu Rev Med 54:17-28. 

 

28. Levy AP, Levy NS, Goldberg MA (1996) Post-transcriptional regulation of 
vascular endothelial cell growth factor by hypoxia. J Biol Chem 271:2746-
2753. 

 

29. Gerber HJP, Condorelli F, Park J, Ferrara N (1997) Differential 
transcriptional regulation of the two vascular endothelial growth factor 
receptor genes. Flt-1, but not Flk-1/KDR, is upregulated by hypoxia. J Biol 
Chem 272:23659-23667. 

 

30. Wang GL, Jiang BH, Rue EA, Semenza GL (1995) Hypoxia-inducible factor 
1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 
tension. Proc Natl Acad Sci 92:5510-5514. 



  111 

 

31. Pugh CW, Ratcliffe PJ (2003) Regulation of angiogenesis by hypoxia: role 
of the HIF system. Nat Med 9:677-684. 

 

32. Pierce EA, Avery RL, Foley ED, Aiello LP, Smith LE (1995) Vascular 
endothelial growth factor/ vascular permeability factor expression in a mouse 
model of retinal neovascularization. Proc Natl Acad Sci USA 92:5510-5514. 

 

33. Robbins SG, Conaway JR, Ford BL, Roberto KA, Penn JS (1997) Detection 
of VEGF protein in vascular and non-vascular cells of the normal and 
oxygen-injured rat retina. Growth Factors 14:229-241. 

 

34. Robbins SG, Rajaratnam VS, Penn JS (1998) Evidence for upregulation 
and redistribution of VEGF receptors flt-1 and flk-1 in the oxygen-injured rat 
retina. Growth Factors 16:1-9. 
 

35. Loureiro RM, D'Amore PA (2005) Transcriptional regulation of vascular 
endothelial growth factor in cancer. Cytokine Growth Factor Rev 16:77-89. 
 

36. Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, 
Fahrig M, Vandenhoeck A, Harpal K, Eberhardt C, Declercq C, Pawling J, 
Moons L, Collen D, Risau W, Nagy A (1996) Abnormal blood vessel 
development and lethality in embryos lacking a single VEGF allele. Nature 
380:435-439. 
 

37. Fong GH, Rossant J, Gertsenstein M, Breitman ML (1995) Role of the Flt-1 
receptor tyrosine kinase in regulating the assembly of vascular endothelium. 
Nature 376:66-70. 
 

38. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman 
ML, Schuh AC (1995) Failure of blood-island formation and vasculogenesis 
in Flk-1-deficient mice. Nature 376:62-66. 
 

39. Alon T, Hemo I, Itin A, Pe'er J, Stone J, Keshet E (1995) Vascular 
endothelial growth factor acts as a survival factor for newly formed retinal 
vessels and has implications for retinopathy of prematurity. Nat Med 1:1024-
1028. 



  112 

40. Stone J, Itin A, Alon T, Pe'er J, Gnessin H, Chan-Ling T, Keshet E (1995) 
Development of retinal vasculature is mediated by hypoxia-induced vascular 
endothelial growth factor (VEGF) expression by neuroglia. J Neurosci  
15:4738-4747. 
 

41. Yang X, Cepko CL (1996) Flk-1, a receptor for vascular endothelial growth 
factor (VEGF), is expressed by retinal progenitor cells. J Neurosci 16:6089-
6099. 
 

42. Provis JM, Leech J, Diaz CM, Penfold PL, Stone J, Keshet E (1997) 
Development of the human retinal vasculature: cellular relations and VEGF 
expression. Exp Eye Res 65:555-568.  
 

43. Robinson GS, Ju M, Shih SC, Xu X, McMahon G, Caldwell RB, Smith LE 
(2001) Nonvascular role for VEGF: VEGFR-1, 2 activity is critical for neural 
retinal development. FASEB J 15:1215-1217. 
 

44. Feeney SA, Simpson DA, Gardiner TA, Boyle C, Jamison P, Stitt AW (2003) 
Role of vascular endothelial growth factor and placental growth factors 
during retinal vascular development and hyaloid regression. Invest 
Ophthalmol Vis Sci 44:839-847. 
 

45. Gogat K, Le Gat L, Van Den Berghe L, Marchant D, Kobetz A, Gadin S, 
Gasser B,  Quéré I, Abitbol M, Menasche M (2004) VEGF and KDR gene 
expression during human embryonic and fetal eye development. Invest 
Ophthalmol Vis Sci 45:7-14. 
 

46. Chan-Ling T, Gock B, Stone J. The effect of oxygen on vasoformative cell 
division (1995) Evidence that 'physiological hypoxia' is the stimulus for 
normal retinal vasculogenesis. Invest Ophthalmol Vis Sci 36:1201-1214. 
 

47. Pierce EA, Foley ED, Smith LE (1996) Regulation of vascular endothelial 
growth factor by oxygen in a model of retinopathy of prematurity. Arch 
Ophthalmol 114:1219-1228.  
 

48. Stalmans I, Ng YS, Rohan R, Fruttiger M, Bouché A, Yuce A, Fujisawa H, 
Hermans B, Shani M, Jansen S, Hicklin D, Anderson DJ, Gardiner T, 
Hammes HP, Moons L, Dewerchin M, Collen D, Carmeliet P, D'Amore PA 



  113 

(2002) Arteriolar and venular patterning in retinas of mice selectively 
expressing VEGF isoforms. J Clin Invest 109:327-336. 
 

49. Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, Pelletier N, 
Ferrara N (2001) Analysis of biological effects and signaling properties of 
Flt-1 (VEGFR-1) and KDR (VEGFR-2). A reassessment using novel 
receptor-specific vascular endothelial growth factor mutants. J Biol Chem 
276:3222-3230. 

 

50. Hicklin DJ, Ellis LM (2005) Role of the vascular endothelial growth factor 
pathway in tumor growth and angiogenesis. J Clin Oncol 23:1011-1027. 

 

51. Ortéga N, Hutchings H, Plouët J (1999) Signal relays in the VEGF system. 
Front Biosci 4:141-152. 

 
 
52. Zachary I, Gliki G (2001) Signaling transduction mechanisms mediating 

biological actions of the vascular endothelial growth factor family. Cardiovasc 
Res 49:568-581. 

 

53. Matsumoto T, Claesson-Welsh L (2001) VEGF Receptor Signal 
Transduction. Sci STKE 112:RE21. 

 

54. Takahashi H, Shibuya M (2005) The vascular endothelial growth factor 
(VEGF)/VEGF receptor system and its role in physiological and pathological 
conditions. Clin Sci 109:227-241. 

 

55. Aiello LP, Pierce EA, Foley ED, Takagi H, Chen H, Riddle L, Ferrara N, King 
GL, Smith LE (1995) Suppression of retinal neovascularization in vivo by 
inhibition of vascular endothelial growth factor (VEGF) using soluble VEGF-
receptor chimeric proteins. Proc Natl Acad Sci USA 92:10457-10461. 

 

56. Adamis AP, Shima DT, Tolentino MJ, Gragoudas ES, Ferrara N, Folkman J, 
D’Amore PA, Miller JW (1996) Inhibition of vascular endothelial growth 
factor prevents retinal ischemia-associated iris neovasculariztion in a 
nonhuman primate. Arch Ophthalmol 114:66-71. 

 



  114 

57. Robinson GS, Pierce EA, Rook SL, Foley E, Webb R, Smith LEH (1996) 
Oligodeoxynucleotides inhibit retinal neovascularization in a murine model 
of proliferative retinopathy. Proc Natl Acad Sci U S A 93:4851-4856. 

 

58. Deng WT, Yan Z, Dinculescu A, Pang J, Teusner JT, Cortex NG, Berns KI, 
Hauswirth WW (2005) Adeno-associated virus mediated expression of 
vascular endothelial growth factor peptides inhibits retinal 
neovascularization in a mouse model of oxygen-induced retinopathy. Hum 
Gene Ther 16:1247-1254. 

 

59. Kinose F, Roscilli G, Lamartina S, Anderson KD, Bonelli F, Spence SG, 
Ciliberto G, Vogt TF, Holder DJ, Toniatti C, Thut CJ (2005) Inhibition of 
retinal and choroidal neovascularization by a novel KDR kinase inhibitor. 
Mol Vis 11:366-373. 

 

60. Rota R, Riccioni T, Zaccarini M, Lamartina S, Gallo AD, Fusco A, Kovesdi I, 
Balestrazzi E, Abeni DC, Ali RR, Capogrossi MC (2004) Marked inhibition of 
retinal neovascularization in rats following soluble-flt-1 gene transfer. J 
Gene Med 6:992-1002. 

 

61. van Wijngaarden P, Qureshi SH (2008) Inhibitors of vascular endothelial 
growth factor (VEGF) in the management of neovascular age-related 
macular degeneration: a review of current practice. Clin Exp Optom 91:427-
437. 

 

62. Cook HL, Patel PJ, Tufail A (2008) Age-related macular degeneration: 
diagnosis and management. Br Med Bull 85:127-149. 

 

63. Lynch SS, Cheng CM (2007) Bevacizumab for neovascular ocular diseases. 
Ann Pharmacother 41:614-625. 

 

64. Jonas JB, Spandau UH, Rensch F, Von Baltz S, Schlichtenbrede F (2007) 
Infectious and noninfectious endophthalmitis after intravitreal bevacizumab. 
J Ocul Pharmacol Ther 23:240-242. 

 

65. DuBois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, Van De Putte 
LB, Lipsky PE (1998) Cyclooxygenase in biology and disease. FASEB J 
12:1063-1073. 



  115 

 

66. Smith WL, DeWitt DL, Garavito RM (2000) Cyclooxygenases: structural, 
cellular, and molecular biology. Annu Rev Biochem 69:145-182. 

 

67. Hata AN, Breyer RM (2004) Pharmacology and signaling of prostaglandin 
receptors: multiple roles in inflammation and immune modulation. 
Pharmacol Ther 103:147-166. 

 

68. Thun MJ, Henley SJ, Patrono C (2002) Nonsteroidal anti-inflammatory 
drugs as anti-cancer agents: mechanistic, pharmacologic, and clinical 
issues. J Natl Cancer 94:252-266. 

 

69. Kawamori T, Rao CV, Seibert K, Reddy BS (1998) Chemopreventive activity 
of celecoxib, a specific cyclooxygenase-2 inhibitor, against colon 
carcinogenesis. Cancer Res 58:409-412. 

 

70. Williams CS, Mann M, DuBois RN (1999) The role of cyclooxygenases in 
inflammation, cancer and development. Oncogene 18:7908-7916. 

 

71. Form DM, Auerbach R (1983) PGE2 and angiogenesis. Proc Soc Exp Biol 
Med 172:214-218. 

 

72. Ziche M, Jones J, Gullino PM (1982) Role of prostaglandin E1 and copper in 
angiogenesis. J Natl Cancer Inst 69:475-482. 

 

73. Diaz-Flores L, Gutierrez R, Varela H (1994) Angiogenesis: an update. Histol 
Histopathol 9:807-843. 

 

74. Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN (1998) 
Cyclooxygenase regulates angiogenesis induced by colon cancer cells. Cell 
93:705-716. 

 

75. Cheng T, Cao W, Wen R, Steinberg RH, LaVail MM (1998) Prostaglandin E2 
induces vascular endothelial growth factor and basic fibroblast growth factor 
mRNA expression in cultured rat Muller cells. Invest Ophthalmol Vis Sci 
39:581-591. 



  116 

 

76. Pai R, Szabo IL, Soreghan BA (2001) PGE2 stimulates VEGF expression in 
endothelial cells via ERK2/JNK1 signaling pathways. Biochem Biophys Res 
Commun 286:923-928. 

 

77. Takahashi K, Saishin Y, Saishin Y, Mori K, Ando A, Yamamoto S, Oshima Y, 
Nambu H, Melia MB, Bingaman DP, Campochiaro PA (2003) Topical 
nepafenac inhibits ocular neovascularization. Invest Ophthalmol Vis Sci 44:409-
415. 

 

78. Gallo O, Franchi A, Magnelli L, Sardi I, Vannacci A, Boddi V, Chiarugi V, 
Masini E (2001) Cyclooxygenase-2 pathway correlates with VEGF 
expression in head and neck cancer. Implications for tumor angiogenesis 
and metastasis. Neoplasia 3:53-61. 

 

79. Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN (2000) Host 
cyclooxygenase-2 modulates carcinoma growth. J Clin Invest 105:1589-
1594. 

 

80. Abdelrahim M, Safe S (2005) Cyclooxygenase-2 inhibitors decrease 
vascular endothelial growth factor expression in colon cancer cells by 
enhanced degradation of Sp1 and Sp4 proteins. Mol Pharmacol 68:317-
329.  

 

81. Hernandez GL, Volpert OV, Iniguez MA, Lorenzo E, Martínez-Martínez S, 
Grau R, Fresno M, Redondo JM (2001) Selective inhibition of vascular 
endothelial growth factor-mediated angiogenesis by cyclosporin A: roles of 
the nuclear factor activated T cells and cyclooxygenase 2. J Exp Med 
193:607-620. 

 

82. Hla T, Neilson K (1992) Human cyclooxygenase-2 cDNA. Proc Natl Acad 
Sci USA 89:7384-7388. 

 

83. Schmedtje JF, Ji YS, Liu WL, DuBois RN, Runge MS (1997) Hypoxia 
induces cyclooxygenase-2 via the NF-kappa B p65 transcription factor in 
human vascular endothelial cells. J Biol Chem 272:601–608. 

 



  117 

84. Tamura M, Sebastian S, Gurates B, Yang S, Fang Z, Bulun SE (2002) Vascular 
endothelial growth factor up-regulates cyclooxygenase-2 expression in human 
endothelial cells. J Clin Endocrinol Metab 87:3504-3507. 

 

85. Namkoong S, Lee SJ, Kim CK, Kim YM, Chung HT, Lee H, Han JA, Ha KS, 
Kwon YG, Kim YM (2005) Prostaglandin E2 stimulates angiogenesis by 
activating the nitric oxide/cGMP pathway in human umbilical vein endothelial 
cells. Exp Mol Med 37:588-600. 

 

86. Murphy JF, Fitzgerald DJ (2001) Vascular endothelial cell growth factor (VEGF) 
induces cyclooxygenase (COX)-dependent proliferation of endothelial cells 
(EC) via the VEGF-2 receptor. FASEB J 15:1667-1669. 

 

87. Yazawa K, Tsuno NH, Kitayama J, Kawai K, Okaji Y, Asakage M, Sunami E, 
Kaisaki S, Hori N, Watanabe T, Takahashi K, Nagawa H (2005) Selective 
inhibition of cyclooxygenase (COX)-2 inhibits endothelial cell proliferation by 
induction of cell cycle arrest. Int J Cancer 113:541-548. 

 

88. Tamura K, Sakurai T, Kogo H (2006) Relationship between prostaglandin E2 
and vascular endothelial growth factor (VEGF) in angiogenesis in human 
vascular endothelial cells. Vascul Pharmacol 44:411-416. 

 

89. Wu G, Luo J, Rana JS, Laham R, Sellke FW, Li J (2006) Involvement of COX-2 
in VEGF-induced angiogenesis via P38 and JNK pathways in vascular 
endothelial cells. Cardiovasc Res 69:512-519. 

 

90. Gullino PM (1995) Prostaglandins and gangliosides of tumor microenvironment: 
their role in angiogenesis. Acta Oncol 34:439-441. 

 

91. Daniel TO, Liu H, Morrow JD, Crews BC, Marnett LJ (1999) Thromboxane A2 is 
a mediator of cyclooxygenase-2-dependent endothelial cell migration and 
angiogenesis. Cancer Res 59:4574-4577. 

 

92. Pradono P, Tazawa R, Maemondo M, Tanaka M, Usui K, Saijo Y, Hagiwara K, 
Nukiwa T (2002) Gene transfer of thromboxane A2 synthase and prostaglandin 
I2 synthase antithetically altered tumor angiogenesis and tumor growth. Cancer 
Res 62:63-66. 

 



  118 

93. Masferrer JL, Leahy KM, Koki AT (2000) Antiangiogenic and antitumor activities 
of cyclooxygenase-2 inhibitors. Cancer Res 60:1306-1311. 

 

94. Leahy KM, Ornberg RL, Wang Y (2002) Cyclooxygenase-2 inhibition by 
celecoxib reduces proliferation and induces apoptosis in angiogenic endothelial 
cells in vivo. Cancer Res 62:625-631. 

 

95. Yamada M, Kawai M, Kawai Y, Mashima Y (1999) The effect of selective 
cyclooxygenase-2 inhibitor on corneal angiogenesis in the rat. Curr Eye Res 
19:300-304. 

 

96. Sawaoka H, Tsuji S, Tsuji M, Gunawan ES, Sasaki Y, Kawano S, Hori M (1999) 
Cyclooxygenase inhibitors suppress angiogenesis and reduce tumor growth in 
vivo. Lab Invest 79:1469-1477. 

 

97. Damm J, Rau T, Maihofner C, Pahl A, Brune K (2001) Constitutive 
expression and localization of COX-1 and COX-2 in rabbit iris and ciliary 
body. Exp Eye Res 72:611-621. 

 

98. Maihofner C, Schlotzer-Schrehardt U, Guhring H, Zeilhofer HU, Naumann 
GO, Pahl A, Mardin C, Tamm ER, Brune K (2001) Expression of 
cyclooxygenase-1 and -2 in normal and glaucomatous human eyes. Invest 
Ophthalmol Vis Sci 42:2616-2624. 

 

99. Ju W-K, Neufeld AH (2002) Cellular localization of cyclooxygenase-1 and 
cyclooxygenase-2 in the normal mouse, rat, and human retina. J Comp 
Neurol 452:392-399. 

 

100. Ershov AV, Bazan NG (1999) Induction of cyclooxygenase-2 gene 
expression in retinal pigment epithelium cells by photoreceptor rod outer 
segment phagocytosis and growth factors. J Neurosci Res 58:254-261. 

 

101. Bazan HEP (1987) Corneal injury alters eicosanoid formation in the rabbit 
anterior segment in vivo. Invest Ophthalmol Vis Sci 28:314-319. 

 

102. Eakins KE (1977) Prostaglandin and nonprostaglandin mediated breakdown 
of the blood-aqueous barrier in the ocular and cerebrospinal fluid. Exp Eye 



  119 

Res 25:483-498. 
 

103. Brubaker RF (2003) Targeting outflow facility in glaucoma management. 
Surv Ophthalmol 48:S17-S20. 

 

104. Bazan NG, Allan G (1997) Signal transduction and gene expression in the 
eye: A contemporary view of the pro-inflammatory, anti-inflammatory and 
modulatory roles of prostaglandins and other bioactive lipids. Surv 
Ophthalmol 41:S23-S34. 

 

105. Funk RH (1997) Blood supply of the retina. Ophthalmic Res 29:320-325. 
 

106. Vinores SA, Sen H, Campochiaro PA (1992) An adenosine agonist and 
prostaglandin E1 cause breakdown of the blood-retinal barrier by opening 
tight junctions between vascular endothelial cells. Invest Ophthalmol Vis Sci 
33:1870-1878. 

 

107. Castro MR, Lutz D, Edelman JL (2004) Effect of COX inhibitors on VEGF-
induced retinal vascular leakage and experimental corneal and choroidal 
neovascularization. Exp Eye Res 79:275-285. 

 

108. Pakneshan P, Birsner AE, Adini I, Becker CM, D'Amato RJ (2008) 
Differential suppression of vascular permeability and corneal angiogenesis 
by nonsteroidal anti-inflammatory drugs. Invest Ophthalmol Vis Sci 49:3909-
3913. 

 

109. Barnett JM, McCollum G, Penn JS (2009) The Role of Cytosolic 
Phospholipase A2 in Retinal Neovascularization. Invest Ophthalmol Vis Sci 
51:1136-1142. 

 

110. Sennlaub F, Valamanesh F, Vazquez-Tello A, El-Asrar AM, Checchin D, 
Brault S, Gobeil F, Beauchamp MH, Mwaikambo B, Courtois Y, Geboes K, 
Varma DR, Lachapelle P, Ong H, Behar-Cohen F, Chemtob S (2003) 
Cyclooxygenase-2 in human and experimental ischemic proliferative 
retinopathy. Circulation 108:198-204. 

 

111. Wilkinson-Berka JL, Alousis NS, Kelly DJ, Gilbert RE (2003) COX-2 



  120 

inhibition and retinal angiogenesis in a mouse model of retinopathy of 
prematurity. Invest Ophthalmol Vis Sci 44:974-979. 

 

112. Takahashi H, Yanagi Y, Tamaki Y, Uchida S, Muranaka K (2004) COX-2-
selective inhibitor, etodolac, suppresses choroidal neovascularization in a 
mice model. Biochem Biophys Res Commun 325:461-466. 

 

113. Hu W, Criswell MH, Ottlecz A, Cornell TL, Danis RP, Lambrou GN, Ciulla 
TA (2005) Oral administration of lumiracoxib reduces choroidal neovascular 
membrane development in the rat laser-trauma model.  Retina 25:1054-
1064. 

 

114. D’Amore PA (1994) Mechanisms of retinal and choroidal angiogenesis. Invest 
Ophthalmol Vis Sci 35:3974-3979. 

 

115. Casey R, Li WW (1997) Factors controlling ocular angiogenesis. Am J 
Ophthalmol 124:521-529. 

 

116. Aiello LP, Northrup JM, Keyt BA, Takagi H, Iwamoto MA (1995) Hypoxic 
regulation of vascular endothelial growth factor in retinal cells. Arch 
Ophthalomol 113:1538-1544. 

 

117. Sano H, Noguchi T, Miyajima A, Hashimoto Y, Miyachi H (2006) Anti-angiogenic 
activity of basic-type, selective cyclooxygenase (COX)-1 inhibitors. Bioorg Med 
Chem Lett 16:3068-3072. 

 

118. von Rahden BH, Stein HJ, Pühringer F, Koch I, Langer R, Piontek G, 
Siewert JR, Höfler H, Sarbia M (2005) Coexpression of cyclooxygenases 
(COX-1, COX-2) and vascular endothelial growth factors (VEGF-A, VEGF-
C) in esophageal adenocarcinoma.Cancer Res 65:5038-5044. 

 

119. Sales KJ, Katz AA, Howard B, Soeters RP, Millar RP, Jabbour HN (2002) 
Cyclooxygenase-1 is up-regulated in cervical carcinomas: 
autocrine/paracrine regulation of cyclooxygenase-2, prostaglandin e 
receptors, and angiogenic factors by cyclooxygenase-1. Cancer Res 
62:424-432. 

 



  121 

120. Gupta RA, Tejada LV, Tong BJ, Das SK, Morrow JD, Dey SK, DuBois RN 
(2003) Cyclooxygenase-1 is overexpressed and promotes angiogenic 
growth factor production in ovarian cancer. Cancer Res 63:906–911. 

 

121. Daikoku T, Wang D, Tranguch S, Morrow JD, Orsulic S, DuBois RN, Dey 
SK (2005) Cyclooxygenase-1 is a potential target for prevention and 
treatment of ovarian epithelial cancer. Cancer Res 65:3735–3744. 

 

122. Li W, Xu RJ, Lin ZY, Zhuo GC, Zhang HH (2009) Effects of a 
cyclooxygenase-1-selective inhibitor in a mouse model of ovarian cancer, 
administered alone or in combination with ibuprofen, a nonselective 
cyclooxygenase inhibitor. Med Oncol  26:170-177. 

 

123. Hardy P, Bhatthacharya M, Abran D, Peri KG, Asselin P, Varma DR, Chemtob 
S (1998) Increases in retinovascular prostaglandin receptor functions by 
cyclooxygenase-1 and -2 inhibition. Invest Ophthalmol Vis Sci 39:1888–1898. 

 

124. Abran D, Dumont I, Hardy P, Peri K, Li DY, Molotchnikoff S, Varma DR, 
Chemtob S (1997) Characterization and regulation of prostaglandin E2 receptor 
and receptor-coupled functions in the choroidal vasculature of the pig during 
development. Circ Res 80:463–472. 

 

125. Chemtob S, Beharry K, Rex J, Chatterjee T, Varma DR, Aranda JV (1991) 
Ibuprofen enhances retinal and choroidal blood flow autoregulation in newborn 
piglets. Invest Ophthalmol Vis Sci  32:1799–1807. 

 

126. Hardy P, Abran D, Li DY, Fernandez H, Varma DR, Chemtob S (1994) Free 
radicals in retinal and choroidal blood flow autoregulation in the piglet: 
Interaction with prostaglandins. Invest Ophthalmol Vis Sci 35:580–591. 

 

127. Abran D, Varma DR, Chemtob S (1997) Regulation of prostanoid vasomotor 
effects and receptors in choroidal vessels of newborn pigs. Am J Physiol 
272:R995–R1001. 

 

128. Abran D, Varma DR, Li D-Y, Chemtob S (1994) Reduced responses of retinal 
vessels of the newborn pig to prostaglandins but not to thromboxane. Can J 
Physiol Pharmacol 72:168–173. 

 



  122 

129. Hardy P, Peri KG, Lahaie I, Varma DR, Chemtob S (1996) Increased nitric 
oxide synthesis and action preclude choroidal vasoconstriciton to hyperoxia in 
newborn pigs. Circ Res 79:504–511. 

 

130. Flower RW, McLeod DS, Wajer SD, Sendi GS, Egner PG, Dubin NH (1984) 
Prostaglandins as mediators of vasotonia in the immature retina. Pediatrics 
73:440–444. 

 

131. Zhu Y, Park TS, Gidday GM (1998) Mechanisms of hyperoxia-induced 
reductions in retinal blood flow in newborn pig. Exp Eye Res 67:357–369. 

 

132. Yanni SE, Barnett JM, Clark ML, Penn JS (2009) PGE2 Receptor EP4 is a 
Potential Therapeutic Target for the Treatment of Pathological Ocular 
Angiogenesis. Invest Ophthalmol Vis Sci 50:5479-5486. 

 

133. Satarug S, Wisedpanichkij R, Takeda K, Li B, Na-Bangchang K, Moore MR, 
Shibahara S (2008) Prostaglandin D2 induces heme oxygenase-1 mRNA 
expression through the DP2 receptor. Biochem Biophys Res Commun 
377:878-883. 

 

134. Quiniou C, Sennlaub F, Beauchamp MH, Checchin D, Lahaie I, Brault S, 
Gobeil F Jr, Sirinyan M, Kooli A, Hardy P, Pshezhetsky A, Chemtob S. 
(2006) Dominant role for calpain in thromboxane-induced 
neuromicrovascular endothelial cytotoxicity. J Pharmacol Exp Ther 316:618-
627. 

 

135. Burnette JO, White RE (2006) PGI2 opens potassium channels in retinal 
pericytes by cyclic AMP-stimulated, cross-activation of PKG. Exp Eye Res 
83:1359-1365. 

 

136. Ke T-L, Graff G, Spellman JM, Yanni JM (2000) Nepafenac, a unique 
nonsteroidal prodrug with potential utility in the treatment of trauma-induced 
ocular inflammation: II. In vitro bioactivation and permeation of ocular barriers. 
Inflammation 24:371-384. 

 

137. Gamache DA, Graff G, Brady MT, Spellman JM, Yanni JM (2000) Nepafenac, a 
unique nonsteroidal prodrug with potential utility in the treatment of trauma-



  123 

induced ocular inflammation: I. Assessment of anti-inflammatory efficacy. 
Inflammation 24:357-370. 

 

138. Kapin MA, Yanni JM, Brady MT, McDonough TJ, Flanagan JG, Rawji MH, 
Dahlin DC, Sanders ME, Gamache DA (2003) Inflammation-mediated retinal 
edema in the rabbit is inhibited by topical nepafenac. Inflammation 27:281-291. 

 

139. Lane SS, Modi SS, Lehmann RP, Holland EJ (2007) Nepafenac ophthalmic 
suspension 0.1% for the prevention and treatment of ocular inflammation 
associated with cataract surgery. J Cataract Refract Surg 33:53-58. 

 

140. Walters T, Raizman M, Ernest P, Gayton J, Lehmann R (2007) In vivo 
pharmacokinetics and in vitro pharmacodynamics of nepafenac, amfenac, 
ketorolac, and bromfenac. J Cataract Refract Surg 33:1539-1545. 

 

141. Kern TS, Miller CM, Du Y, Zheng L, Mohr S, Ball SL, Kim M, Jamison JA, 
Bingaman DP (2007) Topical administration of nepafenac inhibits diabetes-
induced retinal microvascular disease and underlying abnormalities of retinal 
metabolism and physiology. Diabetes 56:373-379. 

 

142. Chiarugi V, Magnelli L, Gallo O (1998) Cox-2, iNOS and p53 as play-makers of 
tumor angiogenesis. Int J Mol Med 2:715-719. 

 

143. Penn JS, Henry MM, Tolman BL (1994) Exposure to alternating hypoxia and 
hyperoxia causes severe proliferative retinopathy in the newborn rat. Pediatr 
Res 26:724-731. 

 

144. Hicks D, Curtois Y (1990) The growth and behaviour of rat retinal Müller cells in 
vitro. 1. An improved method for isolation and culture. Exp Eye Res 51:119-
129. 

 

145. Barnett JM, McCollum GW, Fowler JA, Duan JJ, Kay JD, Liu RQ, Bingaman 
DP, Penn JS (2007) Pharmacologic and genetic manipulation of MMP-2 and -9 
affects retinal neovascularization in rodent models of OIR. Invest Ophthalmol 
Vis Sci 28:907-915. 

 

146. Werdich XQ, McCollum GW, Rajaratnam VS, Penn JS (2004) Variable 



  124 

oxygen and retinal VEGF levels: correlation with incidence and severity of 
pathology in a rat model of oxygen-induced retinopathy. Exp Eye Res 
79:623-630. 

 

147. Penn JS, Tolman BL, Henry MM (1994) Oxygen-induced retinopathy in the 
rat: relationship of retinal nonperfusion to subsequent neovascularization. 
Invest Ophthalmol Vis Sci 35:3429-3435. 

 

148. Joussen AM, Poulaki V, Mitsiades N, Kirchhof B, Koizumi K, Döhmen S, 
Adamis AP (2002) Nonsteroidal anti-inflammatory drugs prevent early 
diabetic retinopathy via TNF-alpha suppression. FASEB J 16:438-440. 

 

149. Berkowitz BA, Roberts R, Luan H, Peysakhov J, Knoerzer DL, Connor JR, 
Hohman TC (2005) Drug intervention can correct subnormal retinal 
oxygenation response in experimental diabetic retinopathy. Invest 
Ophthalmol Vis Sci 46:2954-2960. 

 

150. Ayalasomayajula SP, Kompella UB (2005) Subconjunctivally administered 
celecoxib-PLGA microparticles sustain retinal drug levels and alleviate 
diabetes-induced oxidative stress in a rat model. Euro J Pharm 511:191-
198. 

 

151. Hariprasad SM, Callanan D, Gainey S, He YG, Warren K (2007) Cystoid 
and diabetic macular edema treated with nepafenac 0.1%. J Ocul 
Pharmacol Ther 23:585-589. 

 

152. Gierse JK, Koboldt CM Walker MC, Seibert K, Isakson PC (1999) Kinetic 
basis for selective inhibition of cylco-oxygenases. Biochem J 339:607-614. 

 

153. Smith CJ, Zhang Y, Koboldt CM, Muhammad J, Zweifel BS, Shaffer A, 
Talley JJ, Masferrer JL, Seibert K, Isakson PC (1998) Pharmacological 
analysis of cyclooxygenase-1 in inflammation. Proc Natl Acad Sci USA 
95:13313-13318. 

 

154. Cryan LM, Pidgeon GP, Fitzgerald DJ, O'Brien CJ (2006) COX-2 protects 
against thrombosis of the retinal vasculature in a mouse model of 
proliferative retinopathy. Mol Vis 12:405-414. 

 



  125 

155. Amrite AC, Ayalasomayajula SP, Cheruvu NPS, Kompella UB (2006) Single 
periocular injection of celecoxib-PLGA microparticles inhibits diabetes-
induced elevations in retinal PGE2, VEGF, and vascular leakage. Invest 
Ophthalmol Vis Sci 47:1149-1160. 

 

156. Sabbieti MG, Marchetti L, Gabrielli MG, Menghi M, Materazzi S, Menghi G, 
Raisz LG, Hurley MM (2005) Prostaglandins differently regulate FGF-2 and 
FGF receptor expression and induce nuclear translocation in osteoblasts via 
MAPK kinase. Cell Tissue Res 319:267-278. 

 

157. Sales KJ, Boddy SC, Williams AR, Anderson RA, Jabbour HN (2007) F-
prostanoid receptor regulation of fibroblast growth factor 2 signaling in 
endometrial adenocarcinoma cells. Endocrinology 148:3635-3644. 

 

158. Recchia FM, Xu L, Penn JS, Boone B, Dexheimer P (2010) Identification of 
genes and pathways involved in retinal neovascularization by microarray 
analysis of two animal models of retinal angiogenesis. Invest Ophthalmol 
Vis Sci 51:1098-1105. 

 

159. Thieme H, Aiello LP, Takagi H, Ferrara N, King GL (1995) Comparative 
analysis of vascular endothelial growth factor receptors on retinal and aortic 
vascular endothelial cells. Diabetes 44:98–103. 

 

160. Akarasereenont PC, Techatraisak K, Thaworn A, Chotewuttakorn S (2002) 
The expression of COX-2 in VEGF-treated endothelial cells is mediated 
through protein tyrosine kinase. Mediators Inflamm 11:17-22. 

 

161. Nie D, Lamberti M, Zacharek A, Li L, Szekeres K, Tang K, Chen Y, Honn KV 
(2000) Thromboxane A2 regulation of endothelial cell migration, angiogenesis, 
and tumor metastasis. Biochem Biophys Res Commun 267:245–251. 

 

162. Brown DM, Kaiser PK, Michels M, Soubrane G, Heier JS, Kim RY, Sy JP, 
Schneider S; ANCHOR Study Group (2006) Ranibizumab versus verteporfin 
for neovascular age-related macular degeneration. N Engl J Med 355:1432–
1444. 

 



  126 

163. Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK, Chung CY, Kim 
RY; MARINA Study Group (2006) Ranibizumab for neovascular age-related 
macular degeneration. N Engl J Med 355:1419–1431. 

  

164. Kaiser PK, Blodi BA, Shapiro H, Acharya NR, MARINA Study Group (2007) 
Angiographic and optical coherence tomographic results of the MARINA 
study of ranibizumab in neovascular age-related macular degeneration. 
Ophthalmol 114:1868–1875. 

 

165. Regillo CD, Brown DM, Abraham P, Yue H, Ianchulev T, Schneider S, 
Shams N (2008) Randomized, double-masked, sham-controlled trial of 
ranibizumab for neovascular age-related macular degeneration: PIER Study 
year 1. Am J Ophthalmol 145:239–248.  

 

166. Fung AE, Lalwani GA, Rosenfeld PJ, Dubovy SR, Michels S, Feuer WJ, 
Puliafito CA, Davis JL, Flynn HW Jr, Esquiabro M (2007) An optical 
coherence tomography-guided, variable dosing regimen with intravitreal 
ranibizumab (Lucentis) for neovascular age-related macular degeneration. 
Am J Ophthalmol 143:566–583. 

 

167. Warner TD, Giuliano F, Vojnovic I, Bukasa A, Mitchell JA, Vane JR (1999) 
Nonsteroid Drug Selectivities for Cyclo-Oxygenase-1 Rather than Cyclo-
Oxygenase-2 Are Associated with Human Gastrointestinal Toxicity: A Full in 
vitro Analysis. PNAS 96;7563-7568. 

 

168. Amrite AC, Kompella UB (2008) Celecoxib inhibits proliferation of retinal 
pigment epithelial cells and choroid-retinal endothelial cells by a 
cyclooxygenase-2-independent mechanism. J Pharmacol Exp Ther 
324:749-758. 

 

169. Katz ML, Robison WG Jr (1988) Autoxidative damage to the retina: potential 
role in retinopathy of prematurity. Birth Defects Orig Artic Ser 24:237-248.  

 

170. Penn JS (1990) Oxygen-induced retinopathy in the rat: possible contribution 
of peroxidation reactions. Doc Ophthalmol 74:179-186. 

 



  127 

171. Penn JS, Tolman BL, Lowery LA (1993) Variable oxygen exposure causes 
preretinal neovascularization in the newborn rat. Invest Ophthalmol Vis Sci 
34:576-585. 

 

172. Rodieck RW (1973) The Vertebrate Retina: Principles of Structure and 
Function. San Francisco, WH Freeman, p. 159. 

 

173. Asikainen TM, Heikkila P, Kaarteenaho-Wiik R, Kinnula VL, Raivio KO 
(2001) Cell-specific expression of manganese superoxide dismutase protein 
in the lungs of patients with respiratory distress syndrome, chronic lung 
disease, or persistent pulmonary hypertension. Pediatr Pulmonol 32:193-
200. 

 

174. Raju TN, Langenberg P, Bhutani V, Quinn GE (1997) Vitamin E prophylaxis 
to reduce retinopathy of prematurity: a reappraisal of published trials. J 
Pediatr 131:844-850. 

 

175. Penn JS, Thum LA, Naash MI (1992) Oxygen-induced retinopathy in the rat. 
Vitamins C and E as potential therapies. Invest Ophthalmol Vis Sci 33:1836-
1845. 
 

176. Penn JS, Tolman BL, Bullard LE (1997) Effect of a water-soluble vitamin E 
analog, trolox C, on retinal vascular development in an animal model of 
retinopathy of prematurity. Free Radic Biol Med 22:977-984. 
 

177. Niesman MR, Johnson KA, Penn JS (1997) Therapeutic effect of liposomal 
superoxide dismutase in an animal model of retinopathy of prematurity. 
Neurochem Res 22:597-605. 

 

178. Saito Y, Geisen P, Uppal A, Hartnett ME (2007) Inhibition of NAD(P)H 
oxidase reduces apoptosis and avascular retina in an animal model of 
retinopathy of prematurity. Mol Vis 13:840-853. 

 

179. van Rossum GS, Drummen GP, Verkleij AJ, Post JA, Boonstra J (2004) 
Activation of cytosolic phospholipase A2 in Her14 fibroblasts by hydrogen 
peroxide: a p42/44(MAPK)-dependent and phosphorylation-independent 
mechanism. J Biochim Biophys Acta 1636:183-195. 

 



  128 

180. Sun Y, Chen J, Rigas B (2009) Chemopreventive agents induce oxidative 
stress in cancer cells leading to COX-2 overexpression and COX-2-
independent cell death. Carcinogenesis 30:93-100. 

 

181. Dumont I, Hardy P, Peri KG, Hou X, Molotchnikoff S, Varma DR, Chemtob 
S (2000) Regulation of endothelial nitric oxide synthase by PGD(2) in the 
developing choroid. Am J Physiol Heart Circ Physiol 278:H60-66. 

 

182. Hardy P, Dumont I, Bhattacharya M, Hou X, Lachapelle P, Varma DR, 
Chemtob S (2000) Oxidants, nitric oxide and prostanoids in the developing 
ocular vasculature: a basis for ischemic retinopathy. Cardiovasc Res 
47:489-509. 

 

183. MacRitchie AN, Albertine KH, Sun J, Lei PS, Jensen SC, Freestone AA, 
Clair PM, Dahl MJ, Godfrey EA, Carlton DP, Bland RD (2001) Reduced 
endothelial nitric oxide synthase in lungs of chronically ventilated preterm 
lambs. Am J Physiol Lung Cell Mol Physiol 281:L1011-1020. 

 

184. Han RN, Babaei S, Robb M, Lee T, Ridsdale R, Ackerley C, Post M, 
Stewart DJ (2004) Defective lung vascular development and fatal 
respiratory distress in endothelial NO synthase-deficient mice: a model of 
alveolar capillary dysplasia? Circ Res 94:1115-1123. 

 

185. Lukiw WJ, Ottlecz A, Lambrou G, Grueninger M, Finley J, Thompson HW, 
Bazan NG (2003) Coordinate activation of HIF-1 and NF-kappaB DNA 
binding and COX-2 and VEGF expression in retinal cells by hypoxia. Invest 
Ophthalmol Vis Sci 44:4163-4170. 

 

186. Bai Y, Ma JX, Guo J, Wang J, Zhu M, Chen Y, Le YZ (2009) Müller cell-
derived VEGF is significant contributor to retinal neovascularization. J 
Pathol 219:446-454. 

 

187. Ayalasomayajula SP, Kompella UB (2003) Celecoxib, a selective 
cyclooxygenase-2 inhibitor, inhibits retinal vascular endothelial growth factor 
expression and vascular leakage in a streptozotocin-induced diabetic rat 
model. Eur J Pharmacol 458:283-289. 

 

188. Ayalasomayajula SP, Amrite AC, Kompella UB (2004) Inhibition of 



  129 

cyclooxygenase -2, but not cyclooxygenase-1, reduces prostaglandin E2 
secretion from diabetic rat retinas. Eur J Pharmacol 498:275-278. 

 

189. Yanni SE, Clark ML, Yang R, Bingaman DP, Penn JS (2010) The Effects of 
Nepafenac and Amfenac on Retinal Angiogenesis. Brain Res Bull 81:310-
319. 

 

190. Wang D, DuBois RN (2004) Cycooxygenase 2-derived prostaglandin E2 
regulates the angiogenic switch. Proc Natl Acad Sci USA 101:415-416. 

 

191. Werdich XQ, Penn JS (2006) Specific involvement of SRC family kinase 
activation in the pathogenesis of retinal neovascularization. Invest 
Ophthalmol Vis Sci 47:5047-5056. 

 

192. Regan JW (2003) EP2 and EP4 prostanoid receptor signaling. Life Sci 
74:143-153. 

 

193. Demasi M, Cleland LG, Cook-Johnson RJ, Caughey GE, James MJ (2003) 
Effects of hypoxia on monocyte inflammatory mediator production: 
dissociation between changes in cyclooxygenase-2 expression and 
eicosanoid synthesis. J Biol Chem 278:38607–38616.  

 

194. Demasi M, Cleland LG, Cook-Johnson RJ, James MJ (2004) Effects of 
hypoxia on the expression and activity of cyclooxygenase 2 in fibroblast-like 
synoviocytes: Interactions with monocyte-derived soluble mediators. 
Arthritis Rheum 50:2441–2449.  

 

195. Bonazzi A, Mastyugin V, Mieyal PA, Dunn MW, Laniado-Schwartzman M 
(2000) Regulation of cyclooxygenase-2 by hypoxia and peroxisome 
proliferators in the corneal epithelium. J Biol Chem 275:2837–2844.  

 

196. Csiki I, Yanagisawa K, Haruki N, Nadaf S, Morrow JD, Johnson DH, 
Carbone DP (2006) Thioredoxin-1 modulates transcription of 
cyclooxygenase-2 via hypoxia-inducible factor-1 in non-small cell lung 
cancer. Cancer Res 66:143–150. 

 

197. Kaidi A, Qualtrough D, Williams AC, Paraskeva C (2006) Direct 



  130 

transcriptional up-regulation of cyclooxygenase-2 by hypoxia-inducible 
factor (HIF)-1 promotes colorectal tumor cell survival and enhances HIF-1 
transcriptional activity during hypoxia. Cancer Res 66:6683-6691. 

 

198. Hla T, Bishop-Bailey D, Liu CH, Schaefers HJ, Trifan OC (1999) 
Cyclooxygenase-1 and -2 isoenzymes. Int J Biochem Cell Biol 31:551-557. 

 

199. Hatazawa R, Tanigami M, Izumi N, Kamei K, Tanaka A, Takeuchi K (2007) 
Prostaglandin E2 stimulates VEGF expression in primary rat gastric 
fibroblasts through EP4 receptors. Inflammopharmacology 15:214-217. 

 

200. Wang X, Klein RD (2007) Prostaglandin E2 induces vascular endothelial 
growth factor secretion in prostate cancer cells through EP2 receptor-
mediated cAMP pathway. Mol Carcinog 46:912-923. 

 

201. Bradbury D, Clarke D, Seedhouse C, Corbett L, Stocks J, Knox A (2005) 
Vascular endothelial growth factor induction by prostaglandin E2 in human 
airway smooth muscle cells is mediated by E prostanoid EP2/EP4 receptors 
and SP-1 transcription factor binding sites. J Biol Chem 280:29993-30000. 

 

202. Abdel-Majid RM, Marshall JS (2004) Prostaglandin E2 induces 
degranulation-independent production of vascular endothelial growth factor 
by human mast cells. J Immunol 172:1227-1236. 

 

203. Eibl G, Bruemmer D, Okada Y, Duffy JP, Law RE, Reber HA, Hines OJ 
(2003) PGE(2) is generated by specific COX-2 activity and increases VEGF 
production in COX-2-expressing human pancreatic cancer cells. Biochem 
Biophys Res Commun 306:887-897. 

 

204. Höper MM, Voelkel NF, Bates TO, Allard JD, Horan M, Shepherd D, Tuder 
RM (1997) Prostaglandins induce vascular endothelial growth factor in a 
human monocytic cell line and rat lungs via cAMP. Am J Respir Cell Mol 
Biol 17:748-756. 

 

205. Amano H, Haysahi I, Yoshida S, Yoshimura H, Majima M (2002) 
Cyclooxygenase-2 and adenylate cyclase/protein kinase A signaling 
pathway enhances angiogenesis through induction of vascular endothelial 
growth factor in rat sponge implants. Hum Cell 15:13-24.  



  131 

 

206. Amano H, Ando K, Minamida S, Hayashi I, Ogino M, Yamashina S, 
Yoshimura H, Majima M (2001) Adenylate cyclase/protein kinase A 
signaling pathway enhances angiogenesis through induction of vascular 
endothelial growth factor in vivo. Jpn J Pharmacol 87:181-188. 

 

207. Wang MT, Honn KV, Nie D (2007) Cyclooxygenases, prostanoids, and 
tumor progression. Cancer Metastasis Rev 26:525-534. 

 

208. Hatazawa R, Tanaka A, Tanigami M, Amagase K, Kato S, Ashida Y, 
Takeuchi K (2007) Cyclooxygenase-2/prostaglandin E2 accelerates the 
healing of gastric ulcers via EP4 receptors. Am J Physiol Gastrointest Liver 
Physiol 293:G788-797. 

 

209. Rao R, Redha R, Macias-Perez I, Su Y, Hao C, Zent R, Breyer MD, Pozzi A 
(2007) Prostaglandin E2-EP4 receptor promotes endothelial cell migration 
via ERK activation and angiogenesis in vivo. J Biol Chem 282:16959-16968. 

 

210. Kabashima K, Sakata D, Nagamachi M, Miyachi Y, Inaba K, Narumiya S 
(2003) Prostaglandin E2-EP4 signaling initiates skin immune responses by 
promoting migration and maturation of Langerhans cells. Nat Med 9:744-
749. 

 

211. Cherukuri DP, Chen XB, Goulet AC, Young RN, Han Y, Heimark RL, Regan 
JW, Meuillet E, Nelson MA (2007) The EP4 receptor antagonist, L-161,982, 
blocks prostaglandin E2-induced signal transduction and cell proliferation in 
HCA-7 colon cancer cells. Exp Cell Res 313:2969-2679. 

 

212. Hawcroft G, Ko CW, Hull MA (2007) Prostaglandin E2-EP4 receptor 
signalling promotes tumorigenic behaviour of HT-29 human colorectal 
cancer cells. Oncogene 26:3006-3019. 

 

213. Pozzi A, Yan X, Macias-Perez I, Wei S, Hata AN, Breyer RM, Morrow JD, 
Capdevila JH (2004) Colon carcinoma cell growth is associated with 
prostaglandin E2/EP4 receptor-evoked ERK activation. J Biol Chem 
279:29797-29804. 

 



  132 

214. Ma X, Kundu N, Rifat S, Walser T, Fulton AM (2006) Prostaglandin E 
receptor EP4 antagonism inhibits breast cancer metastasis. Cancer Res 
66:2923-2927. 

 

215. Muller M, Sales KJ, Katz AA, Jabbour HN (2006) Seminal plasma promotes 
the expression of tumorigenic and angiogenic genes in cervical 
adenocarcinoma cells via the E-series prostanoid 4 receptor. Endocrinology 
147:3356-3365. 

 

216. Yang L, Huang Y, Porta R, Yanagisawa K, Gonzalez A, Segi E, Johnson 
DH, Narumiya S, Carbone DP (2006) Host and direct antitumor effects and 
profound reduction in tumor metastasis with selective EP4 receptor 
antagonism. Cancer Res 66:9665-9672. 

 

217. Chell SD, Witherden IR, Dobson RR, Moorghen M, Herman AA, Qualtrough 
D, Williams AC, Paraskeva C (2006) Increased EP4 receptor expression in 
colorectal cancer progression promotes cell growth and anchorage 
independence. Cancer Res 66:3106-3113. 

 

218. Kitamura T, Itoh M, Noda T, Tani K, Kobayashi M, Maruyama T, Kobayashi 
K, Ohuchida S, Sugimura T, Wakabayashi K (2003) Combined effects of 
prostaglandin E receptor subtype EP1 and subtype EP4 antagonists on 
intestinal tumorigenesis in adenomatous polyposis coli gene knockout mice. 
Cancer Sci 94:618-621. 

 

219. Mutoh M, Watanabe K, Kitamura T, Shoji Y, Takahashi M, Kawamori T, 
Tani K, Kobayashi M, Maruyama T, Kobayashi K, Ohuchida S, Sugimoto Y, 
Narumiya S, Sugimura T, Wakabayashi K (2002) Involvement of 
prostaglandin E receptor subtype EP(4) in colon carcinogenesis. Cancer 
Res 62:28-32. 

 

220. Bora PS, Sohn JH, Cruz JM, Jha P, Nishihori H, Wang Y, Kaliappan S, 
Kaplan HJ, Bora NS (2005) Role of complement and complement 
membrane attack complex in laser-induced choroidal neovascularization. J 
Immunol 174:491-497. 

 

221. Inoue H, Takamori M, Shimoyama Y, Ishibashi H, Yamamoto S, Koshihara 
Y (2002) Regulation by PGE2 of the production of interleukin-6, 
macrophage colony stimulating factor, and vascular endothelial growth 



  133 

factor in human synovial fibroblasts. Br J Pharmacol 136:287-295. 
 

222. Spinella F, Rosanò L, Di Castro V, Natali PG, Bagnato A (2004) Endothelin-
1-induced prostaglandin E2-EP2, EP4 signaling regulates vascular 
endothelial growth factor production and ovarian carcinoma cell invasion. J 
Biol Chem 279:46700-46705. 

 

223. Fujita M, Hayashi I, Yamashina S, Itoman M, Majima M (2002) Blockade of 
angiotensin AT1a receptor signaling reduces tumor growth, angiogenesis, 
and metastasis. Biochem Biophys Res Commun 294:441-447. 

 

224. Lonchampt M, Pennel L, Duhault J (2001) Hyperoxia/normoxia-driven retinal 
angiogenesis in mice: a role for angiotensin II. Invest Ophthalmol Vis Sci 
42:429–432. 

 

225. Nagai N, Noda K, Urano T, Kubota Y, Shinoda H, Koto T, Shinoda K, Inoue 
M, Shiomi T, Ikeda E, Tsubota K, Suda T, Oike Y, Ishida S (2005) Selective 
suppression of pathologic, but not physiologic, retinal neovascularization by 
blocking the angiotensin II type 1 receptor. Invest Ophthalmol Vis Sci 
46:1078-1084. 
 

226. Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, DuBois 
RN (1994) Up-regulation of cyclooxygenase 2 gene expression in human 
colorectal adenomas and adenocarcinomas. Gastroenterology 107:1183-
1188. 
 

227. Oka M, Inaba A, Uchiyama T, Hazama S, Shimoda K, Suzuki M, Suzuki T 
(1994) Prostaglandin E2 levels and lymphocyte subsets in portal venous 
drainage of colorectal cancers. Am J Surg 167:264-267. 
 

228. Pugh S, Thomas GA (1994) Patients with adenomatous polyps and 
carcinomas have increased colonic mucosal prostaglandin E2. Gut 35:675-
678. 
 

229. Okajima E, Denda A, Ozono S, Takahama M, Akai H, Sasaki Y, Kitayama 
W, Wakabayashi K, Konishi Y (1998) Chemopreventive effects of 
nimesulide, a selective cyclooxygenase-2 inhibitor, on the development of 
rat urinary bladder carcinomas  initiated by N-butyl-N-(4-



  134 

hydroxybutyl)nitrosamine. Cancer Res 58:3028-3031. 
 

230. Pentland AP, Schoggins JW, Scott GA, Khan KN, Han R (1999) Reduction 
of UV-induced skin tumors in hairless mice by selective COX-2 inhibition. 
Carcinogenesis 20:1939-1944. 
 

231. Seed MP, Brown JR, Freemantle CN, Papworth JL, Colville-Nash PR, Willis 
D, Somerville KW, Asculai S, Willoughby DA (1997) The inhibition of colon-
26 adenocarcinoma development and angiogenesis by topical diclofenac in 
2.5% hyaluronan. Cancer Res 57:1625-1629. 
 

232. Bresalier RS, Sandler RS, Quan H, Bolognese JA, Oxenius B, Horgan K, 
Lines C, Riddell R, Morton D, Lanas A, Konstam MA, Baron JA; 
Adenomatous Polyp Prevention on Vioxx (APPROVe) Trial Investigators 
(2005) Cardiovascular events associated with rofecoxib in a colorectal 
adenoma chemoprevention trial. N Engl J Med 352:1092-1102. 
 

233. Caldwell B, Aldington S, Weatherall M, Shirtcliffe P, Beasley R (2006) Risk 
of cardiovascular events and celecoxib: a systematic review and meta-
analysis. J R Soc Med 99:132-140. 
 

234. Wei D, Wang L, He Y, Xiong HQ, Abbruzzese JL, Xie K (2004) Celecoxib 
inhibits vascular endothelial growth factor expression in and reduces 
angiogenesis and metastasis of human pancreatic cancer via suppression 
of Sp1 transcription factor activity. Cancer Res 64:2030-2038. 
 

235. Yoshinaka R, Shibata MA, Morimoto J, Tanigawa N, Otsuki Y (2006) COX-2 
inhibitor celecoxib suppresses tumor growth and lung metastasis of a 
murine mammary cancer. Anticancer Res 26:4245-4254.  
 

236. Basu GD, Pathangey LB, Tinder TL, Gendler SJ, Mukherjee P (2005) 
Mechanisms underlying the growth inhibitory effects of the cyclo-
oxygenase-2 inhibitor celecoxib in human breast cancer cells. Breast 
Cancer Res 7:R422-435.  
 

237. Fujino H, Xu W, Regan JW (2003) Prostaglandin E2 induced functional 
expression of early growth response factor-1 by EP4, but not EP2, 
prostanoid receptors via the  phosphatidylinositol 3-kinase and extracellular 



  135 

signal-regulated kinases. J Biol Chem 278:12151-12156. 
 

238. Fujino H, Regan JW (2006) EP(4) prostanoid receptor coupling to a 
pertussis toxin-sensitive inhibitory G protein. Mol Pharmacol 69:5-10. 
 


	Final.Dissertation.GS.2 14-04-54.pdf
	Final.Dissertation.GS.3 14-04-54.pdf

