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Abstract
Age-related macular degeneration (AMD) is the major cause of blindness for people over 60. In the
“wet” form of AMD compounds targeting growth factor signaling pathways such as VEGF have
been a major focus for therapeutic interventions. In a previously developed rat model of CNV, we
utilized two receptor tyrosine kinase inhibitors (RTKi) to block VEGFR-1, VEGFR-2 and PDGFR
signaling following the establishment of CNV. AAV-VEGF  165  was injected into the subretinal
space of rats at postnatal days 15-17. Six weeks later, a suspension of RTK inhibitors, AG013764 or
AG013711, was injected intraperitoneally (IP, twice daily) or intravitreally (every five days) over a
two week period. FITC-dextran whole-mounts of RPE-choroid-sclera were prepared after the
animals were sacrificed. CNV area was quantified using Neurolucida to measure the
hyperfluorescence on FITC-dextran whole-mounts. Histology and immunohistochemistry were
performed as described previously. VEGF expression in control and treated eyes was confirmed by
immunohistochemistry and histological sections indicated recovery of retinal morphology and CNV
reduction in treated eyes. In the animals IP injected with AG013764 or AG013711 the mean CNV
level was reduced by 25 to 33% compared to control, but this effect did not achieve statistical
significance. Intravitreal injections of AG013764 or AG013711 reduced the level of CNV by
approximately 60% compared to control (p< 0.005 or p< 0.05, respectively). These data show that
two RTK inhibitors, AG013764 or AG013711, delivered intravitreally, significantly reduce blood
vessel proliferation in this AAV-VEGF  165  model of CNV.
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INTRODUCTION
Ocular neovascularization leads to severe vision loss in many diseases, including age-related
macular degeneration (AMD), diabetic retinopathy, and retinopathy of prematurity (Bird
2003;Ferris 2004;Grossniklaus and Green 2004). AMD is the leading cause of severe loss of
vision in people 55 years of age and older in the developed countries (Congdon et al., 2004).
Neovascular (wet) AMD represents approximately 10 percent of the overall disease prevalence,
but it is responsible for 90 percent of the severe vision loss in AMD (Ferris et al., 1984).
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Neovascular AMD occurs in as many as 200,000 to 300,000 patients each year in the United
States, and without treatment most patients progress to a visual acuity of 20/200 or worse in
less than 2 years (Macular et al., 1993).

Neovascular AMD is characterized by choroidal neovascularization in which new blood
vessels penetrate through Bruch’s membrane and extend into the subretinal pigment epithelium
or subretinal space, often leading to exudation and hemorrhage, RPE or retina detachment,
photoreceptor degeneration, loss of central vision and the formation of disciform scars (Green
1999;Grossniklaus and Green 2004). In AMD, a significant angiogenic role for VEGF was
suggested by preferential localization of VEGF immunoreactivity in the cytoplasm of RPE
from highly vascularized regions of surgically excised choroidal neovascular membranes
(Lopez et al., 1996;Baffi et al., 2000;Spilsbury et al., 2000;Wang et al., 2003;Lebherz et al.,
2005).

The importance of VEGF for the development of AMD-related CNV has led to multiple
strategies to block its effects including anti-VEGF aptamer (pegaptanib sodium, Macugen™)
(Eyetech et al., 2002;Eyetech et al., 2003;Gragoudas et al., 2004), anti-VEGF antibodies
(Krzystolik et al., 2002), soluble VEGF receptor (Saishin et al., 2003;Liu and Regillo 2004),
gene therapy, protein kinase C inhibitors, and siRNA for VEGF and its receptors (Tolentino
et al., 2004). Anti-VEGF strategies with promise as potential therapeutic agents for the
treatment of CNV are currently undergoing or have completed clinical trials (pegaptanib
sodium, Macugen; ranibizumab, Lucentis; VEGF-Trap) (Barouch and Miller 2004). Macugen
has been approved by the FDA for use in the treatment of neovascular AMD. Avastin, the
parent molecule of Lucentis, is a fully humanized antibody against VEGF and has recently
been shown to be clinically effective against CNV (Avery et al., 2006). The results of
randomized, placebo-controlled phase III studies of Lucentis (MARINA and ANCHOR) have
been reported (Rosenfeld et al., 2005;Brown et al., 2006;Heier et al., 2006) and Lucentis has
being approved by FDA for treating wet AMD.

Recent work in tumor biology has focused on multi-kinase inhibitors, such as Sutent, PTK787
and AG013736 to block angiogenesis (Motzer et al., 2006;Nakahara et al., 2006;Schoffski et
al., 2006). The present experiments utilized two similar compounds, AG013711 and
AG013764, which are small molecule inhibitors of VEGFR-1, VEGFR-2 and related receptor
tyrosine kinases (RTK) such as PDGFR (Niesman et al., 2000;Rewolinski et al., 2001).
Combined activity against VEGF and PDGF signaling transduction is beneficial since both
growth factors are involved in angiogenesis. VEGF induces endothelial cell proliferation,
migration, tube formation, increases vascular permeability, leukocyte trafficking, and is critical
in ensuring the survival of proliferating endothelial cells. PDGF induces pericyte recruitment
and supports vascular maturation. Inhibitors of PDGFRs have been shown to produce pericyte
loosening or detachment from endothelial cells of tumor vessels (Betsholtz 2004;Inai et al.,
2004;Kinose et al., 2005). In addition, blood vessels lacking pericytes are more susceptible to
VEGF deprivation. Therefore, inhibitors targeting both VEGFR and PDGFR can contribute to
the regression of actively proliferating endothelial cells in tumors (Bergers et al.,
2003;Nakahara, Norberg et al. 2006) and in multiple models of ocular neovascularization (Jo
et al., 2006). Analogues of the compounds used in the present study, AG013736 and
AG013958, are in phase II clinical trials for renal cell carcinoma (Schoffski, Dumez et al.
2006) and for wet AMD (Hoyng et al., 2005;Rewolinski et al., 2005), respectively.

The compounds used in this study target both VEGF and PDGF pathways and have the potential
to induce regression of choroidal neovascularization beyond what Macugen or Lucentis can
accomplish individually. Previously, we developed a rat model of choroidal neovascularization
using adeno-associated virus (AAV)-VEGF. Our previous work showed that CNV is well
established in this model by six weeks (Wang, Rendahl et al. 2003). In the present experiments,
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two small molecule inhibitors of VEGFR and PDGFR were administered after establishment
of CNV. Our experiments test the notion that inhibitors against multiple receptor tyrosine
kinases are more effective in causing CNV regression.

MATERIALS AND METHODS
Animals

All animal experiments were done according to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Subretinal Injection of AAV
Sprague Dawley (albino) rats were injected with AAV-VEGF or AAV-GFP at the ages of P15
- P17 as previously described (Green et al., 2001). Briefly, wild-type animals were anesthetized
by ketamine/xylazine injection, and a local anesthetic (proparacain HCl) was applied topically
to the cornea. The pupils were dilated with 1% atropine sulfate and 2.5% phenylephrine
hydrochloride. Under the microscope, a small hole was made in the medial sclera, just behind
the ora serrata, with a 28-gauge needle. The subretinal injections of 2 μl of AAV-VEGF were
made by inserting a blunt 32-gauge needle (Hamilton, Reno, NV) through the sclera, vitreous,
and retina and delivering the rAAV suspension into the subretinal space (SRS) in the posterior
retina. The contralateral eye was either injected with AAV-VEGF or AAV-GFP. 1.4×1010

particles of each virus were injected. Only one viral preparation was used for all of AAV-VEGF
experiments; this same preparation was previously used in the CNV model paper (Wang,
Rendahl et al. 2003). Subretinal blebs were formed in the SRS and disappeared over 24 hours
as the fluid was absorbed. No choroidal bleeding was observed during and after subretinal
injection, indicating that the integrity of Bruch’s membrane was not compromised.

Drug Delivery by Intraperitoneal (IP) or Intravitreal injection
The two compounds shown below, AG013764 and AG013711, were delivered via
intraperitoneal or intravitreal injections using 5-8 rats per group. Rats were treated starting at
6 weeks after subretinal injection of AAV-VEGF in both eyes. Suspensions of compounds
were made in sterile 0.1% carboxymethylcellulose (CMC) –PBS. For experiments with IP
injection, animals previously injected AAV-VEGF in both eyes were randomly divided into
three groups. Each group of animals was injected IP twice daily with 1.25 ml of vehicle (0.1%
CMC-PBS), AG013764 (10 mg/Kg) or AG013711 (25 mg/Kg).

For experiments with intravitreal injection, animals previously injected AAV-VEGF in both
eyes were randomly divided into two groups. In each animal, one eye was intravitreally injected
with vehicle (0.1% CMC–PBS) and the contralateral eye was injected with 5 μl of AG013764
(4 mg/ml) or AG013711 (10mg/ml) every five days (at 42, 47 and 52 days after the initial
AAV-VEGF injection; three doses over two weeks).
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Immunohistochemistry
Rats were euthanized by overdose of carbon dioxide inhalation and their eyes were enucleated.
After the cornea and lens were removed, the posterior eyecups (retina-RPE-choroid-sclera)
were fixed in 4% formaldehyde for 1 hour. After three 5-minute washes in PBS, eyecups were
cryoprotected in 30% sucrose overnight at 4°C, and embedded in OCT at -20°C. 15 μm sections
were cut on a cryostat, placed on glass slides, and allowed to dry overnight. GFP fluorescence
image was obtained using an Axiophot microscope (Zeiss, Thornwood, NY) equipped with a
CCD camera and processed with Adobe Photoshop 6.0 (San Jose, CA). For VEGF
immunohistochemical staining, sections were permeabilized with 0.3% Triton X-100 (PBS)
for 10 min and processed with a customized Zymed Histostain-SP kit (South San Francisco,
CA) according to the instructions. Briefly, sections were treated with Peroxo-Block to eliminate
endogenous peroxidase activity and blocked with 10% non-immune rabbit serum to reduce
non-specific binding. Following three washes with 0.3% Triton X-100 PBS, sections were
incubated in 10 μg/ml goat anti-human VEGF primary antibodies (R & D systems,
Minneapolis, MN) diluted in blocker for 1 hr at room temperature. After three washes, sections
were incubated with biotinylated rabbit anti-goat secondary antibodies for 10 min, followed
by streptavidin-peroxidase conjugate. Sections were incubated with substate-chromogen
solution (hydrogen peroxide-DAB), counterstained with hematoxylin, dehydrated with graded
series of alcohol, cleared in xylene, and mounted with Histomount.

Histology
As previously described (Lau et al., 2000), rats were euthanized by overdose of carbon dioxide
inhalation and immediately perfused intracardially with 2% formaldehyde and 2.5%
glutaraldehyde in PBS, pH7.4. Heads were removed and immersed in same fixative overnight
at 4°C. Eyes were then enucleated and bisected along the vertical meridian through the optic
nerve head. Eye hemispheres were osmicated, dehydrated, and embedded in Epon-Araldite
resin. Serial sections (1-1.5 μm) were cut along the vertical meridian of the eye and stained
with 1% toluidine blue in TBS. Each epoxy embedded eye was sectioned completely, from
one side of the eye all the way through to the other side. This allowed us to identify the complete
boundary of the CNV membrane. Images were obtained with the same microscope as above.

Fluorescein Angiography and FITC-Dextran Flat-mount of RPE-Choroid-Sclera
After two weeks of treatment by intraperitoneal and intravitreal injection, rats were euthanized
with 100% CO2 (eight weeks after initial AAV-VEGF injection). Using a method similar to
that previously described (Edelman and Castro 2000), each animal was perfused intracardially
with 50 ml PBS to wash out the blood and followed immediately by 20 ml of 10% gelatin and
2.5% FITC-dextran (MW: 2×106 Sigma, St. Louis, MO, USA). FITC-dextran perfused rats
were kept in the refrigerator at 4°C for two to four hours to solidify the gelatin. Eyes were
enucleated and stored in a cold 4% neutralized formaldehyde solution.

In the experimental groups receiving intraperitoneal injection, anterior segments were first
removed, and then the eye cups were kept in the cold 10% neutralized formalin in a Petri dish
with the eye cup facing up. Angiograms were taken with digital camera mounted to a
fluorescence dissection microscope using FITC filters. Angiograms were graded for
fluorescence area and intensity from low to high (grade 1 to 5) by a reader in a masked manner.
Six-eight radial cuts were made in the eye cups and then the retina was carefully peeled away.
The RPE-choroid-sclera complexes with CNV were flattened on a glass slide with RPE facing
up and a cover slip placed on the RPE with mounting medium (VectorShield, Vector
Laboratory, CA).

In the experimental groups receiving intravitreal injection, anterior segments were removed
and the eye cups were cut and flat-mounted using the methods described above. Angiograms
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could not be obtained because some of the injected compound was still deposited on the retina
blocking the flourescence signal from FITC-dextran filled blood vessels.

Imaging and quantifying Choroidal Neovascularization
Whole mounts of RPE-choroid-sclera were viewed under a Nikon Eclipse 600 fluorescence
microscope. Contours of whole mount, optic nerve, and choroidal neovascularization area were
drawn on a computer using the Neurolucida system (MicrobrightField Inc.) coupled to a Nikon
E600 microscope (200× magnification). The Neurolucida system (MBF Bioscience; http://
www.mbfbioscience.com) can be used to automatically trace a boundary that is much larger
than the field of view under the microscope. The computer mouse cursor is projected onto this
view field. The motorized stage shifts automatically as the cursor moves outside the box in the
middle of the view field (Amorapanth et al., 2000). This system allows one to view the RPE-
choroid-sclera whole mounts at high magnification and thereby clearly visualize and mark the
boundary between hyperfluorescence area (CNV) and the normal (choriocapillaris) florescence
area. The system was calibrated using a slide with a grid of known size. Area of choroidal
neovascularization was calculated by the Neurolucida software. A series of photographs (30
per eye) of whole mounts of RPE-choroid-sclera were taken with a Zeiss Axioplan 2
fluorescence microscope at 200× magnification. The photographs were then stitched together
in Adobe Photoshop.

Biochemical Activity Assays for Human VEGF-R2, VEGF-R1, PDGFRs
The enzyme phosphorylation (activation) assay for VEGFR2 activity was performed using a
R2 construct previously described (McTigue et al., 1999). For this assay, VEGF-R1 and
PDGFRβ coupled assay components (2 mM PEP, 300 μM NADH, 5 mM DTT, 15 U/mL PK,
15 U/mL LDH, 200 mM HEPES, pH 7.5) were added to the protein. Poly(Glu, Tyr) (PGT)
was the peptide substrate. Incubation conditions were: VEGF-R2: 3mM ATP, 60 mM Mg, 2
mM Mn, 20 mM PGT; VEGF-R1: 3mM ATP, 40 mM Mg, 2 mM Mn, 20 mM PGT;
PDGFRβ: 3mM ATP, 40 mM Mg, 20 mM PGT. After incubating for 10 minutes at 37°C, the
reaction was measured spectrophotometrically at 340 nm. In a final reaction volume of 25
μL, PDGFRα (5-10 mU) was incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 0.1 mg/
mL poly(Glu, Tyr) 4:1, 10 mM MnCl2, 10 mM MgAcetate and [γ-33P-ATP] (specific activity
approximately 500 cpm/pmol, concentration as required). The reaction was initiated by the
addition of the MgATP mix. After incubation for 40 minutes at room temperature, the reaction
was stopped by the addition of 5 μL of a 3% phosphoric acid solution. Ten microliters of the
reaction was then spotted onto a Filtermat A and washed three times for 5 minutes in 75 mM
phosphoric acid and once in methanol prior to drying and scintillation counting. Ki or IC50 was
calculated from a 9-point dose-response curve. The % inhibition assay is run as a single point
assay in duplicate. Data summarized in Table 1.

VEGF stimulated HUVEC Survival Assay
Human umbilical vein endothelial cells (HUVEC) were purchased from Clonetics (# CC2517).
Cells were initially thawed and grown in T75 tissue culture flasks in EGM2 media (Clonetics
# CC3162). Cell media was then changed to F12K HUVEC growth medium consisting of
F12K, 10% fetal bovine serum (FBS), 60 μg/mL ECGS (Sigma, # E-0760), 10 μg/mL heparin
(Sigma, # H-3149), and 10 mM HEPES. Cells were removed from tissue culture flasks and
seeded in 96-well cell culture plates with 100 μL of F12K HUVEC growth medium for several
days. After removing medium from each well, starvation medium (F12K with 1% FBS, 10
μg/mL heparin, and 10 mM HEPES) was added to each well. Plates were incubated at 37°C,
5% CO2 for 18 hours. Fifteen microliters of 10 nM inhibitor in starvation medium was then
added to each well to inhibit background stimulation by exogenous or endogenous VEGF or
other mitogen in control and starved wells. Serial dilutions of AG013764 or AG013711 were
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then added to drug-treatment wells in triplicate and 15 μL of vehicle (1% DMSO in starvation
media) was added to blank, starvation and control wells. After a one hour incubation, 20 μL
of growth factor is added to drug treatment and control wells. Twenty microliters of starvation
media was added to blank and starvation wells. Cells were then stimulated with recombinant
human VEGF  165  (R&D Systems). Fifteen microliters of MTT dye solution was added to each
well and incubated for 4.5 hours at 37°C, 5% CO2. Stop solution was then added and the plates
incubated overnight at 37°C, 5% CO2. MTT and MTT Stop solutions were purchased from
Promega (# G4100). Three independent assays were performed. Data summarized in Table 1.

Statistics
Results are expressed as means ± SEM unless otherwise indicated. Statistical significance was
calculated using the two-tailed, paired Student’s t-test for the data from intravitreal injections.
To evaluate the intraperitoneal injection data, we used a two-sided, mixed model analysis of
variance that takes into account the correlation between paired eyes (Littell et al., 1996). P ≤
0.05 is regarded as statistically significant in all comparisons.

RESULTS
VEGF165 and GFP were overexpressed in RPE at 8 weeks after AAV-VEGF (Fig. 1C) and
AAV-GFP (Fig. 1A) injection, respectively. There was little or no VEGF expression in RPE
cells overexpressing GFP (Fig. 1B). Since the antibody for human VEGF cross reacts with rat
VEGF, the weak staining that we did observe is probably due to endogenous rat VEGF This
pattern of expression is consistent with our previously published data (Wang, Rendahl et al.
2003). Increased VEGF staining was also seen in the choroid of the VEGF injected eye (Fig.
1C) compared to control (Fig. 1B), possibly due to secretion of VEGF165 from the basolateral
side of the RPE.

Several hundred histological sections (1.5 μm) were obtained from each eye of four animals.
These sections were cut along the inferior-superior axis and traversed the entire area of CNV.
In each animal, one eye was injected with control (METHODS) and the other eye was injected
with one of two anti-angiogenic compounds, either AG013764 (n = 2) or AG013711 (n = 2).
These two compounds are extremely potent inhibitors of both KDR and Flt-1 and also inhibit
PDGF receptors α and β at sub-micromolar concentrations (Table 1). This in vitro data helps
provide an estimate for the highest in vivo dose (25 mg/Kg body wt or 56 nM, assuming the
drug is evenly distributed over the entire body). The HCl salt of AG013764 and related
compounds have demonstrated reduction in tumor blood vessel growth and blood flow (Kim
et al., 2005;Mancuso et al., 2006) and would be expected to have a similar efficacy in CNV.
We qualitatively assessed the efficacy of this treatment by comparing sections chosen from
comparable locations within the area of CNV. As in a previous analysis (Wang et al.,
2002;Wang et al., 2003), we compared the linear distance of retinal detachment along Bruch’s
membrane, retinal morphology and choroidal neovascularization in hundreds of sections from
control and treated eyes.

Figure 2 compares representative sections from the eyes of one animal. The control section
(panels A & C) and the section from the contralateral eye injected with AG013764 (panels B
& D) illustrate the AAV-VEGF –induced development of choroidal neovascularization at eight
weeks after injection (Wang, Rendahl et al. 2003). Compared to control (panels A & C), the
AG013764 injected eye (panel B, inset D), shows fewer blood vessels in the subretinal space
(black arrows). The AG013764 treated eyes also have less retinal neovascularization, edema,
and photoreceptor disorganization than the control eyes. The length of RPE and retinal
detachment along Bruch’s membrane is shorter in the section from the AG013764 treated eye
(indicated by Ltin Fig. 2B) than in the section from the control eye (Lc in Fig. 2A). This probably
indicates a smaller total neovascular area in the AG013764 treated eye. These observations,
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characteristic of all sections, were quantified in subsequent experiments using FITC-dextran
whole mounts.

The efficacy of compounds delivered systemically was qualitatively evaluated using
fluorescein angiography on fifteen animals (five control and five treated with AG013764 and
AG013711, respectively). AG013764 (1.25ml, 2 mg/ml), AG013711(1.25ml, 2 mg/ml) or
control (1.25 ml) was injected twice daily for two weeks (IP), starting at six weeks after AAV-
VEGF injection (METHODS). The animals were killed and the angiograms obtained at 8 weeks
after subretinal injection of AAV-VEGF. In 7 out of 10 eyes treated with AG013764 and in 6
out of 10 eyes treated with AG013711, the angiograms showed less hyperfluorescence than
the control eyes (represented in Figs 3A, B, C). This qualitative data suggests that both
compounds may be capable of reducing neovascularization after two weeks of systemic
treatment.

The Neurolucida system was used to quantify the area of CNV (Fig. 3D) and assess the ability
of these two putative anti-angiogenic compounds to reduce VEGF induced choroidal
neovascularization (see METHODS). The mean areas of CNV from animals treated with
AG013764 or AG013711 (n=10 in each group) were approximately two-thirds and three-
quarters of the CNV area (9 mm2) of control animals (n=10), but this trend did not achieve
significance (p > 0.05 for both comparisons of control vs AG013764 and vs AG013711).

The possible efficacy of these compounds was further evaluated by intravitreal injections of
AG013764 and AG013711 at six weeks after AAV-VEGF injection (METHODS). Whole
mounts were examined using a fluorescence microscope to identify the areas of CNV, which
were quantified using the Neurolucida system.

Figure 4 shows fluorescence images from whole mounts of contralateral control (panels A, B,
C) and AG013764 – treated eyes (panels D, E, F). Panels A and D are an integrated composite
of 30 images taken at high magification. Panels B and E show the areas enclosed by three
contours: (1) the entire whole mount area in brown; (2) the area of neovascularization in purple;
and (3) the optic nerve head in blue. The Neurolucida system was used to measure the area
within each contour. The whole mount of RPE-choroid-sclera is approximately 50 mm2 for
both control and AG013764 treated eyes. Panels A & B and D & E contain a green rectangular
enclosed area that identifies the boundary separating an area of CNV-induced
hyperfluorescence and a non-CNV area of choroidal blood vessels with much less fluorescence.
Panels C and F show this boundary (yellow dotted line) at a higher magnification. The area of
CNV in A, shown schematically in B as the area in purple, is approximately 14.3 mm2. In the
AG013764 - treated eye (D & E) the area of CNV is approximately 5.6 mm2.

Figure 5 is a typical set of whole mount images from AG013711- treated eyes (panels D, E,
F) and its contralateral control (panels A, B, C). The six panels were arranged as in Figure 4.
The area of CNV in A and D is marked by hyperfluorescence compared to the surround and
is approximately 3.2 mm2 in control panels 5A & 5B and approximately 1.4 mm2 in the
AG013711 - treated eye (panels 5D & 5E).

Figure 6 summarizes the results from twenty-five animals using the protocol illustrated in
Figures 4 & 5. In 12 of 13 animals, the area of CNV was reduced by 16% to 100% following
intravitreal injections of AG013764. The mean CNV area (2.5 ± 1.1 mm2, mean ± SEM) for
the AG013764 injected eyes (n=13) is 57% smaller than control (5.8 ± 1.4 mm2, p< 0.005, t-
test). In 11 of 12 animals, the CNV area was reduced by 16% to 100% following intravitreal
injection of AG013711 and the mean (1.8 ± 0.8 mm2, n=12) is 60% smaller (4.5 ± 1.5 mm2,
p< 0.05, t-test).
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DISCUSSION
The hypothesis that a specific antagonist of an angiogenesis factor can be used to treat
neovascular diseases was first proposed more than 30 years ago (Folkman 1971). In particular,
VEGF has been identified as one of the most important mediators of physiologic and pathologic
angiogenesis. Many strategies for blocking VEGF signaling in neovascular diseases have been
developed, including anti-VEGF antibodies, anti-VEGF aptamer, soluble VEGF receptors or
chimeric VEGF receptors, protein kinase C inhibition and VEGF receptor kinase inhibitors
(Takeda et al., 2003;Barouch and Miller 2004;Liu and Regillo 2004;Kinose, Roscilli et al.
2005). Several clinical trials (Gragoudas, Adamis et al. 2004;Rosenfeld, Schwartz et al.
2005) have demonstrated therapeutic efficacy and recently Macugen (anti-VEGF aptamer) has
been approved for treating wet AMD. Macugen is injected intravitreally every six weeks and
there are reports of increased complications associated with repeated injections (eight times
per year) for one year (Gragoudas et al. 2004), but the long term effects of repeated intravitreal
injections are still unknown. In this study, we have compared the efficacy of intravitreal versus
intraperitoneal injections, but other delivery routes are also possible (Okada et al.,
2004;Augustin et al., 2005;Kato et al., 2005).

The present experiments demonstrate that AG013764 and AG013711, significantly inhibited
choroidal neovascularization when the compounds were delivered via intravitreal injection,
six weeks after inducing CNV (Fig. 6). We confirmed the expression of VEGF in these animals
at eight weeks after AAV-VEGF injection (Fig. 1). Histological sections (Fig. 2) from the eye
injected with AG013764 showed less blood vessel proliferation in the SRS, smaller areas of
disorganized photoreceptors, and less RPE proliferation. In FITC-dextran flat mounts, the
mean area of CNV from IP-injected animals (Fig. 3D) treated with RTK inhibitors was reduced
compared to control animals, but based on a analysis that accounted for possible interactions
between paired eyes (Littell et al. 1996), this trend did not reach statistical significance.

VEGF signaling occurs mainly through the KDR receptor while Flt-1 is thought to regulate
the amount of free VEGF in the extracellular space (Ferrara 2001). As shown in Table 1,
AG013764 and AG013711 are extremely potent inhibitors of both KDR and Flt-1 but have a
much higher affinity for KDR. Other growth factors such as platelet derived growth factor have
also been implicated in ocular neovascular diseases (Jain 2003). This suggests that inhibitors
such as AG013764 and AG013711, which target both VEGFRs and PDGFRs, could potentially
induce regression of proliferating blood vessels (Bergers, Song et al. 2003). Table 1 also shows
that AG013764 and AG013711 inhibit PDGF receptors α and β at sub-micromolar
concentrations. Electron microscopic examination of CNV in AMD patients and laser-induced
CNV in monkey revealed that pericytes associated with endothelial cells undergo phenotypic
changes with different phases of neovascularization (Archer and Gardiner 1981;Killingsworth
1995). PDGF is required for recruiting pericytes and smooth muscle cells to endothelial cells.
Anti-PDGF antibody disrupted endothelial-pericyte association and destabilized the
developing retinal vasculature. Inhibition of both VEGF and PDGF signaling pathways is more
effective at preventing and regressing CNV in the mouse laser model and neovascularization
in other ocular models (Jo et al. 2006).

Previously we showed that CNV is well developed six weeks after AAV-VEGF injection
(Wang, Rendahl et al. 2003). AAV-VEGF -induced CNV was significantly reduced in this
model by the concomitant addition of anti-angiogenic molecules, sFlt1 and PEDF, also
delivered by AAV (Wang et al. 2003;Wang et al., 2004). The present results suggest that
AG013764 and AG013711 can inhibit the further development of CNV and potentially could
be used to inhibit CNV associated with the “wet” form of AMD thus providing additional
possible pathways of therapeutic intervention.
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In these experiments, FITC-dextran whole mounts or angiograms of the posterior segment
showed more intense subretinal hyper-fluorescence over a larger area in control compared to
treated eyes (Figs 3-5). Angiograms from animals receiving intravitreal injections of the
compounds could not be obtained because the compounds were deposited on the surface of the
retina and blocked the fluorescence signal. In those eyes, the retina was removed and CNV
quantified by Neurolucida analysis of whole mount preparations (Figs 4-6). It could be that
AG013764 or AG013711 reduced the amount of AAV-VEGF induced CNV, or reduced the
permeability of CNV for dextran, or both (Edelman and Castro 2000;Ferris 2004). In laser
induced CNV, high molecular weight fluorescein labeled dextran (2×106 molecular weight) is
thought to be confined within the neo-vascular blood vessels (Edelman and Castro 2000).
However, overexpression of VEGF may make these blood vessels more permeable to dextran,
as evidenced by an area of hyper-fluorescence that has well-demarcated boundaries and a
uniform intensity (Fig. 3A, control).

The area of hyperfluorescence on the FITC-dextran flat-mount was used as a quantitative
measure of CNV. The measured area of the flat mount (50 mm2) is probably smaller than our
estimate of the posterior section geometrical area for two reasons: (1) because of possible tissue
shrinkage after fixation; and (2) because the tissues are not perfectly flat when mounted on the
glass slide. The present results could be explained in part by assuming that the tissues treated
with AG013764 or AG013711 had greater shrinkage or were less flat on the glass slide
compared to the control tissues. We think that possibility unlikely since the total area of the
flat mount, measured from the intravitreal injection group, was unchanged (p=0.58) between
control (54.4 ± 1mm2; n = 10) and treated animals (55.3 ± 1.3mm2; n = 10). The observed
reduction in CNV is probably an underestimate since it does not reflect changes in vascular
volume. We are currently developing a method to measure the volume of CNV using optical
coherence tomography (OCT). This will allow us to determine the volume of neovascular
complex in the subretinal space and to evaluate the treatment induced changes in CNV in real
time.

A noteworthy aspect of the present model is that it allows us to generate relatively large areas
of CNV (50-100 times the area of a laser-induced CNV; ̃  0.03 - 0.08 mm2 (Edelman and Castro
2000;Hangai et al., 2001;Mori et al., 2001;Dejneka et al., 2004) ). In the present study, the
intervention started six weeks after the initial injection of AAV-VEGF and at least 1-2 weeks
after the development of CNV. The ability of AG013764 or AG013711 to significantly reduce
a large area of well developed CNV suggests that these compounds may provide a clinically
effective treatment for CNV.
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Figure 1. VEGF and GFP expression in rat eyes 8 weeks after AAV-VEGF or AAV-GFP injection
Eyes were fixed, embedded in OCT medium, sectioned (10μm) and stained. A. GFP strongly
expressed in RPE and faintly expressed in photoreceptors from an eye injected with AAV-
GFP. B. In AAV-GFP injected eye, there is relatively little DAB staining in RPE (black arrows).
C. In AAV-VEGF -injected eye, there is intense DAB staining at the RPE (black arrows),
indicating VEGF overexpression. GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer; RPE, retinal pigment epithelium; Ch, choroid; Sc, sclera.
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Figure 2. AG013764 reduces VEGF-induced CNV in SD rats
Panels A and B are 1.5 μm sections from eyes injected intravitreally with CMC carrier (control)
or AG013764 (three 20 μg injections at 5 day intervals). Compared with the control eye,
sections from the AG013764 treated eye show less blood vessel proliferation in the SRS (black
arrows), areas of disorganized photoreceptors (white arrows), RPE proliferation (white
arrowheads), and RPE “lakes” (asterisks). Bruch’s membrane indicated by black arrowheads.
Panels C and D are sections in A and B at higher magnification.
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Figure 3. Inhibition of CNV by intraperitoneal injection of AG013764 and AG013711
Animals(n=15) intraperitoneally were injected with control, AG013764 or AG013711
solutions twice daily for two weeks. Rats were first cardiac perfused with FITC-dextran, the
eyes then removed and dissected free of anterior segments, and angiograms were taken. A.
Angiogram from control animal injected with CMC carrier solution shows extensive area of
hyperfluorescence. Angiograms from animals injected with AG013764 ( B ) or AG013711
( C ) show a lower level of hyperfluorescence in a smaller area compared to control ( A ). D.
RPE-choroid-sclera whole mount was prepared and the area of CNV was measured using the
Neurolucida system. The mean area of CNV in the AG013764 treated eyes (n = 10, triangles)
was reduced by ≈ 33% compared to control (squares). The mean area of CNV in the AG013711
treated eyes (n = 10, inverted triangle) was reduced by 25% compared to control. The
angiogram for each eye labeled as 3A, 3B, and 3C is shown in panels A,B,& C respectively.
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Figure 4. FITC-dextran whole mount of eyes intravitreally injected with AG013764 or control
Animals injected every five days for two weeks starting at six weeks after AAV-VEGF
injection. Panels A, B, C from a control eye injected with carrier and panels D, E, F from
AG013764 injected eye. Panels A and D, photographs of whole eye flat mount. Panels B and
E, typical sets of contours drawn using the Neurolucida system. The total flat mount area (≈
50 mm2) is colored brown and the blue center denotes the optic nerve. Area of CNV shown in
purple. Panels C and F, insets from A and D at higher magnification, show a typical boundary
between areas of proliferation (CNV) and non-proliferation.
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Figure 5. FITC-dextran whole mount of eyes intravitreally injected with AG013711 or control
Animals injected every five days for two weeks starting at six weeks after AAV-VEGF
injection. Panels A, B, C from a control eye injected with carrier and panels D, E, F from
AG013711 injected eye. Panels A and D, photographs of whole eye flat mount. Panels B and
E, typical sets of contours drawn using the Neurolucida system. The total flat mount area (≈
50 mm2) is colored brown and the blue center denotes the optic nerve. Area of CNV shown in
purple. Panels C and F, insets from A and D at higher magnification, show a typical boundary
between areas of proliferation (CNV) and non-proliferation.

Wang et al. Page 18

Exp Eye Res. Author manuscript; available in PMC 2008 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. CNV reversal by intravitreal injection of AG013764 and AG013711
Four groups of animals (n=25) were injected either with AG013764, AG013711 or control
carrier solution for two weeks starting six weeks after AAV-VEGF injection. Methods as in
Fig. 3D legend. Data from each pair of eyes are connected with a black line. The mean area of
CNV in the AG013764 treated eyes (n = 13) was reduced by 57% (p < 0.005). The mean area
of CNV in the AG013711 treated eyes (n = 12) was reduced by 60% (p < 0.05). The data points
labeled 4A & 5A are from control eyes and 4D & 5D are from treated eyes. These four data
points were obtained from the whole mount images shown in Figs 4 & 5.
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Table 1
In vitro data for AG013711 and AG013764

AG013711 AG013764

Biochemistry Assays

VEGFR-2 (KDR) Ki 0.046 nM 0.057 nM
VEGFR-1 (Flt-1) Ki NA 0.242 nM
VEGFR-1 % inhibition @ 50 nM 93% 96%
PDGFR alpha IC 50 31 nM 79 nM
PDGFR beta IC 50 89 nM 186 nM
Cell-Based Assays IC50 nM

VEGF stimulated HUVEC survival 0.273 nM 0.295 nM
VEGF stimulated HUVEC survival + 2.3% BSA 6.7 nM 7.1 nM
The enzyme phosphorylation (activation) assay for VEGFRs and PDGFRs activity was performed using purified protein. Ki or IC50 was calculated from
a 9-point dose-response curve. The % inhibition assay is run as a single point assay in duplicate. The compounds were also examined in their activity for
inhibiting VEGF-stimulated human umbilical vein endothelial cells survival. Serial dilutions of AG013711 or AG013764 were then added to drug-
treatment wells in triplicates and three independent assays were performed.
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