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‘Vascular endothelial growth factor-A (VEGF-A)

blockade has been recently validated as an effective

strategy for the inhibition of new blood vessel

growth in cancer and ocular pathologies. However ,

several studies have also shown that anti-VEGF ther-

apy may not be as effective in the treatment of

established unwanted blood vessels , suggesting

they may become less dependent on VEGF-A for

survival. The VEGF-A dependence of vessels may be

related to the presence of vascular mural cells (peri-

cytes or smooth muscle cells). Mural cell recruit-

ment to the growing endothelial tube is regulated

by platelet-derived growth factor-B (PDGF-B) signal-

ing, and interference with this pathway causes dis-

ruption of endothelial cell-mural cell interactions

and loss of mural cells. We have investigated the

basis of blood vessel dependence on VEGF-A in

models of corneal and choroidal neovascularization

using a combination of reagents (an anti-VEGF

aptamer and an anti-PDGFR-� antibody) to inhibit

both the VEGF-A and PDGF-B signaling pathways.

We demonstrate that neovessels become refractory

to VEGF-A deprivation over time. We also show

that inhibition of both VEGF-A and PDGF-B signal-

ing is more effective than blocking VEGF-A alone

at causing vessel regression in multiple models of

neovascular growth. These findings provide in-

sight into blood vessel growth factor dependency

and validate a combination therapy strategy for en-

hancing the current treatments for ocular angio-

genic disease. (Am J Pathol 2006, 168:2036–2053; DOI:

10.2353/ajpath.2006.050588)

Angiogenesis is a major component in several patho-

logical processes, including tumor growth, chronic in-

flammatory diseases, and ocular diseases.1–3 In ocular

diseases characterized by aberrant angiogenesis,

neovascularization (NV) has catastrophic effects on

vision leading to hemorrhage, edema, and ultimately

blindness.4 Although multiple stimuli may be involved

in the development of ocular NV, vascular endothelial

growth factor A (VEGF-A), a specific endothelial cell

mitogen as well as a permeability and survival factor,

plays a major role in this process.5–7 Antagonism of the

VEGF-A pathway results in inhibition of blood vessel

growth in several forms of ocular NV, including NV of

the iris,7 the cornea,8 the retina,9 and the choroid.10

These preclinical studies predict that antagonizing

VEGF-A is a viable approach for the treatment of ocular

NV. Indeed, an anti-VEGF aptamer (EYE001, the drug

substance in Macugen, Eyetech Pharmaceuticals Inc.,

New York, NY) is now approved for the treatment of the

wet form of age-related macular degeneration. How-

ever, there is also evidence that anti-VEGF therapy

alone may not be sufficient to cause vessel regression

in advanced stages of aberrant angiogenesis and con-

sequently may have a more limited ability to impact

established disease. Several studies have suggested

that the response of blood vessels to anti-VEGF ther-

apy is influenced by vessel maturation,11,12 a rather

ill-defined state that is commonly attributed to the pres-

ence of vascular mural cells (MCs, pericytes around

capillaries and smooth muscle cells around larger

vessels).

Mural cells are required for normal vascular stability

and function.13,14 The recruitment of MCs to endothelial

cells (ECs) requires platelet-derived growth factor B
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(PDGF-B) and signaling through the PDGF receptor-type

� (PDGFR-�). Transgenic mice lacking PDGF-B and

PDGFR-� fail to recruit MCs to new blood vessels, result-

ing in abnormal vessel stabilization and maturation.15–17

Furthermore, inhibition of PDGF-B signaling by an anti-

PDGFR-� antibody18 causes disruption of EC/MC asso-

ciation and destabilization of the developing retinal vas-

culature. These studies suggest that MCs are critically

involved in normal vasculature formation and that MC

recruitment in developmental angiogenesis depends on

PDGF-B and PDGFR-�. However, little is known about the

importance of MC recruitment and EC/MC interaction in

pathological angiogenesis of solid tumors and ocular

disease. In vitro studies have shown that VEGF-A pro-

duced by MCs may act in a juxtacrine/paracrine manner

as a survival and stabilizing factor for ECs in microves-

sels.19 In addition, MCs that surround tumor vessels pro-

duce VEGF-A,20,21 and tumor vessels lacking MCs are

more dependent on VEGF-A for their survival than ves-

sels associated with MCs,12 suggesting that MCs protect

endothelial cells in situations of decreasing VEGF-A.

Consequently, anti-VEGF therapy may be affected by the

presence of MCs. A combination of inhibitors, targeting

receptor tyrosine kinases (RTKs) in both ECs and MCs,

were recently shown to inhibit the growth of mouse insu-

linomas better than any single RTK blocker.22 Also, an

RTK inhibitor targeting VEGFR-2 and PDGFR-� was re-

cently shown to cause potent tumor vessel regression, a

finding that was attributed to the combined interference

with both VEGF-A signaling and EC/MC interaction.23

However, interference with PDGF-B signaling has been

shown to decrease interstitial pressure and increase the

uptake of substances by tumors. Therefore, the in-

creased access of VEGF-A inhibitors to the tumor micro-

environment alone could explain the increased efficacy

of the combination RTK approach.24,25

To investigate if depleting MCs would enhance the

effect of an anti-VEGF blockade on neovessels and

whether this blockade remained effective over time, we

compared using VEGF and PDGFR-� inhibitors alone

and in combination for the treatment of ocular angiogen-

esis. A previous study has shown that systemic adminis-

tration of an anti-mouse PDGFR-� antibody completely

blocked MC recruitment to blood vessels in the neonatal

mouse retina.18 We show that MC loss, following PDGF-B

signaling inhibition, renders growing vessels more sensi-

tive to the anti-VEGF blockade. In addition, we demon-

strate the effect of blocking either PDGF-B or VEGF-A

signaling alone or in combination in two models of patho-

logical NV in the eye, corneal NV, and choroidal NV

(CNV). There are distinct advantages to studying both

models of ocular NV: CNV is the trademark of age-related

macular degeneration, the leading cause of blindness

among the elderly in industrialized countries.26 Corneal

NV, on the other hand, allows clear visualization of ab-

normal vascular growth. In addition, the vessels that grow

into the normally avascular cornea following circumferen-

tial depletion of the corneal and limbal epithelium be-

come well established and show no natural regression,

making this an attractive model to study vessel regres-

sion. In this report, we directly demonstrate that the effi-

cacy of a VEGF-A blockade diminishes as neovessels

persist over time, and that specific targeting of both

VEGF-A and PDGF-B signaling pathways is more effec-

tive at preventing and regressing pathological ocular NV

than targeting VEGF-A signaling alone.

Materials and Methods

Animals and Anesthesia

C57BL/6 mice from Charles River (Wilmington, MA) were

treated in accordance with the Association for Research

in Vision and Ophthalmology Statement for the Use of

Animals in Ophthalmic and Vision Research. Animals

were anesthetized with intramuscular ketamine hydro-

chloride (25 mg/kg) and xylazine (10 mg/kg), and their

pupils were dilated with 1% tropicamide. Mice were eu-

thanized with an overdose of ketamine and xylazine ad-

ministrated by intraperitoneal injection. Adult (6-week-

old) male mice were used to generate corneal NV or CNV

models. Experimental groups consisted of five animals

per group unless otherwise stated.

Antibodies and Reagents

ECs were detected using an antibody against platelet-

endothelial cell adhesion molecule-1 (PECAM-1, clone

MEC 13.3; BD Biosciences Pharmingen, San Diego, CA).

ECs were also visualized using fluorescein isothiocya-

nate-coupled concanavalin A lectin or biotinylated Griffo-

nia simplicifolia lectin B4 obtained from Vector Laborato-

ries (Burlingame, CA). The choice of EC detection

reagent sometimes depended on whether the rat APB5

antibody was used in the experiment to avoid cross-

reactivity between APB5 and PECAM-1 (also a rat mono-

clonal antibody). We found no difference in EC detection

by all three methods. MCs were detected using an anti-

body against smooth muscle actin (SMA, clone 1A4;

Sigma-Aldrich, St. Louis, MO), an antibody against

PDGFR-� (clone APB5; eBioscience, San Diego, CA), or

an antibody against NG2 (Chemicon, Temecula, CA).

Cells in S phase of the cell cycle were detected using an

antibody against phospho-histone H3 (Ser10; Upstate

Biotechnology, Inc., Lake Placid, NY). Alexa 488- and

546-conjugated secondary antibodies were from Molec-

ular Probes (Eugene, OR). As an anti-VEGF-A reagent,

we used the active compound in Macugen, pegaptanib

sodium, which is a pegylated anti-VEGF165 aptamer

(EYE001, Eyetech Pharmaceuticals). The anti-VEGF165

aptamer is an oligonucleotide (28 ribonucleotide bases)

that binds to the exon-7-encoded domain of human VEGF

with high specificity and affinity.27 It does not bind to

VEGF-A isoforms lacking this domain such as

VEGF120(121). The oligonucleotide is conjugated to a

40-kd polyethylene glycol moiety to increase its half-life

and will be referred to in this report as the anti-VEGF

aptamer or aptamer. The dose and the evaluation time

points were based on a previous report.28 To block

PDGFR-� signaling, we used either a monoclonal anti-

body directed against murine PDGFR-� (clone APB5;
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e-Bioscience) or Gleevec (Novartis Pharma AG, Basel,

Switzerland), an inhibitor of PDGF receptors, c-kit, and

BCR-ABL tyrosine kinases. Phosphate-buffered saline

(PBS) was used as a control in all experiments unless

otherwise stated. We verified that it behaved similarly to

scrambled aptamer, polyethylene glycol alone,29 and an

isotype-matched antibody control for APB5 (data not

shown).

Corneal Neovascularization Model

A previously described mouse model of corneal NV30

was used in this study with the following modification:

NaOH (2 �l of 0.2 mmol/L) was applied topically to the

eyes of C57BL/6 male mice (18–20g). The corneal and

limbal epithelia were removed by applying a rotary mo-

tion parallel to the limbus using a #21 blade (Feather,

Osaka, Japan). After epithelial debridement, the animals

were randomized to the treatment groups.

Corneal Neovascularization Quantitation

While deeply anesthetized, mice received 20 �g/g of

fluorescein isothiocyanate-concanavalin A intravenously

to label the vasculature. Thirty minutes later, mouse eyes

were enucleated, fixed with 4% paraformaldehyde for 1

hour at 4°C, and the corneas were flat-mounted. Corneal

NV was visualized using a DMRA2 (Leica, Deerfield, IL)

epifluorescence microscope and quantified using Open-

lab imaging software (Improvision, Lexington, MA). Blood

vessel area was quantified as follows. The perimeter of

the entire corneal flat-mount was traced, followed by a

tracing of the area in the middle of the cornea bounded

by in-growing blood vessels. Subtraction of the inner

corneal area from the entire corneal area provided a

value for total blood vessel area. Blood vessel area is

expressed as a percentage of corneal flat-mount area.

CNV Model

CNV was generated using a previously described tech-

nique31 with the following modifications. Four burns were

generated using diode laser photocoagulation (75-�m

spot size, 0.1-s duration, 90 mW, Oculight SL laser; IRI-

DEX, Mountain View, CA) and a hand-held cover slide as

a contact lens. Burns were localized to the 3, 6, 9, and 12

o’clock positions of the posterior pole of the retina. For-

mation of a bubble at the time of laser application indi-

cates rupture of Bruch’s membrane and is an important

factor in successfully inducing CNV. Therefore, only

those mice in which a bubble formed for all four laser

burns were included in the study.

CNV Quantitation

Following enucleation of the eye, choroidal flat-mounts

were obtained by removing the cornea and the lens and

then peeling the neural retina away from the underlying

retinal pigment epithelium. Radial cuts allowed the eye-

cup to be laid flat. Choroidal flat-mounts were fixed with

4% paraformaldehyde for 1 hour at 4°C and stained with

either anti-PECAM-1 antibody or lectin as described be-

low. Imaging of choroidal flat-mounts was performed as

described for corneal flat-mounts. However, neovascu-

larization was quantified by drawing a perimeter around

areas of hyperfluorescence associated with each burn.

Morphometric Analysis

Retinal Blood Vessel Measurements

Images of retinal flat-mounts were acquired using a

20� objective. The vessel width and length was deter-

mined by drawing regions of interest on the image. The

length in pixels was then converted to microns.

Corneal Thickness

Ten-micron sections of fixed cornea were imaged us-

ing a 20� objective. The thickness of the cornea was

determined by drawing a region encompassing the width

of the cornea on the image. Image analysis was per-

formed using OpenLab software, Improvision).

Experimental Protocols

We used three different ocular neovascularization models

to study the inhibition and regression of vessel growth.

These are detailed below, and the protocols for each are

summarized in Table 1.

Developing Retinal Vasculature Model

Neonatal mice were injected intraperitoneal daily with

either 10 mg/kg of APB5, 50 mg/kg of anti-VEGF aptamer

or both, starting on postnatal day 0 (P0). Mouse eyes

were enucleated at two time points: postnatal day 3 (P3)

and postnatal day 7 (P7, Table 1). For proliferation and

apoptosis studies, eyes were enucleated at postnatal day

5 (P5).

Corneal NV Model

Both APB5 (at 5 mg/kg) and the anti-VEGF aptamer (at

25 mg/kg) were administered by intraperitoneal injection

twice a day. In experiment 1, to study the effects of

anti-angiogenic inhibitors on neovessel growth preven-

tion, mice were treated with APB5 or anti-VEGF aptamer

or both for 10 days immediately following injury at day 0

(D0). For experiment 2, to study the effects of anti-angio-

genic inhibitors on vessel regression, mice were treated

as above for 10 days starting at day 10 (D10) postinjury.

In experiment 3, to assess how late in disease progres-

sion vessels could be regressed, mice were treated for

14 days starting at 14 days postinjury (D14, Table 1).

CNV Model

In experiment 4, for the vessel prevention study, mice

were treated with APB5 or anti-VEGF aptamer or both for

2038 Jo et al
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14 days immediately following laser injury. In experiment

5, for the regression study, mice were treated with APB5

or anti-VEGF aptamer or both for 7 days starting 7 days

postlaser injury (Table 1). Mice injected with PBS alone

served as controls.

Whole-Mount Immunofluorescence

Eyes were enucleated and fixed with 4% paraformalde-

hyde for 1 hour at 4°C. For whole-mount preparation, the

retina and the cornea were exposed by removing other

portions of the eye. After washing with PBS, tissues were

placed in methanol for 20 minutes. Tissues were incu-

bated overnight at 4°C with a primary antibody diluted in

PBS containing 10% goat serum and 1% Triton X-100.

Tissues were washed four times in PBS followed by in-

cubation with a secondary antibody overnight at 4°C.

Radial cuts were then made in the peripheral retina

and cornea to allow flat mounting on a glass slide in

mounting medium (Vectashield; Vector Laboratories).

The flat-mounted tissues were examined by fluorescence

microscopy.

Detection of Cell Proliferation and Apoptosis

Cells in the S phase of the cell cycle were labeled using

anti-phospho-histone H3 antibody (PH3) by whole-mount

immunostaining as described above. The flat-mounted

tissues were examined by epifluorescence microscopy.

Using a 5� objective, a 12-bit image of each quadrant of

the retinal flat-mount was acquired and stored. PH3-

positive cells were quantified by a masked observer as

follows: the background of each image was flattened

(Image J; National Institutes of Health, Bethesda, MD)

and then an automatic threshold applied (threshold �

average of image � (8 � SD)). Debris was excluded from

the analysis by constraining the count of objects to a

pre-determined pixel size representative of PH3-positive

cells (Metamorph software; Universal Imaging Corp.,

Downingtown, PA).

To detect apoptotic cells, terminal deoxynucleotide

transferase dUTP nick-end labeling (TUNEL) staining

was used in cryosections of developing retina. For cryo-

section, eyes were frozen in OCT compound (Sakura

Finetek, Torrance, CA) and sectioned at a thickness of 10

Table 1. Experimental Protocols

PDGF-B Inhibition Enhances Anti-VEGF 2039
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�m. TUNEL staining was performed with a fluorescein

apoptosis detection system according to the manufactur-

er’s instructions (Promega Corp., Madison, WI). To per-

form quantitative assessment of apoptotic ECs, the cen-

ter of each eye was cut into 10-�m-thick sections. Ten

sections spanning 500 �m were then stained with TUNEL

and lectin for analysis. Because TUNEL-positive ECs in

the superficial retinal vasculature cannot be captured in

one focal plane, TUNEL-positive cells were counted man-

ually by a masked observer. By manually moving around

the inner layer of the retinal section and changing the

focal plane, TUNEL-positive ECs were unambiguously

detected and counted. The number of TUNEL-positive

ECs was normalized to the total capillary area in the

superficial layer, which was determined as follows. Mul-

tiple 12-bit grayscale images were captured of the lectin

staining in the retinal cross-section using a 5� objective,

and a composite image was created using Photoshop

(Adobe, San Jose, CA). A region of interest that defines

the superficial vasculature (�50 �m below the surface of

the retina) was drawn on the composite image, and an

automatic internal threshold was applied to the region.

The sum of lectin-positive pixels was calibrated for area

and used to normalize TUNEL-positive cells.

Histological Analysis and Electron Microscopy

Tissues were fixed with a mixture of 1.25% paraformal-

dehyde, 2.5% glutaraldehyde in 0.1 mol/L sodium caco-

dylate, pH 7.4. Select areas were cut from each quad-

rant, placed in 0.2 mol/L sodium cacodylate rinse (3�, 10

minutes), postfixed in 1% osmium tetraoxide/0.1 mol/L

sodium cacodylate for 60 to 90 minutes, and rinsed again

as above. Tissue was dehydrated through 50%, 70%,

95%, and 100% acetone before infiltration with acetone:

fresh Spurrs resin (2:1), then the same mixture at 1:2, and

finally 100% Spurrs resin overnight. Tissues were embed-

ded between Transwell polyester membranes and poly-

merized in the oven overnight at 60°C. Semithin sections

were cut with a diamond knife on a Leica Ultracut and

stained with 0.5% Toluidine Blue in 0.1% sodium borate;

micrographs were captured on a Leica DMRA2 wide field

microscope. 70 to 100 nm tissue sections were stained

with 0.5% uranyl acetate (aqueous) followed by Reynolds

lead citrate. Sections were analyzed with a transmission

electron microscope (model 1010; JEOL, Tokyo, Japan),

and images were captured with an AMT digital capture

system (Advanced Microscopy Techniques Corp., Dan-

vers, MA). Electron micrographs of capillary cross-sec-

tions were captured whenever an intact capillary was

found in the section. EC/pericyte association was quan-

tified by three trained, masked observers who classified

each capillary into one of three groups: naked capillaries,

capillaries with pericyte attached, and undetermined.

RNA Isolation and Quantitative RT-PCR Analysis

Quantitative evaluation of mouse VEGF-A, PDGF-B, and

PDGFR-� expression after corneal injury was assessed

by real-time quantitative RT-PCR using a sequence de-

tection system (TaqMan Chemistry and GeneAmp

7900HT; Applied Biosystems, Forest City, CA). Cornea

samples were collected in a cell lysis solution from Qia-

gen Inc. (Valencia, CA) containing �-mercaptoethanol.

RNA was isolated following RNeasy mini kit protocols

(Qiagen Inc.) and transcribed into single-stranded cDNA

using Multiscribe Reverse Transcriptase (Applied Biosys-

tems). Real-time quantitative RT-PCR analysis was per-

formed using custom primers (Applied Biosystems) for

VEGF-A, PDGF-B, and PDGFR-� and for glyceraldehyde-

3-phosphate dehydrogenase as an internal control. Gene

expression was quantified using the Comparative CT

Method.32 Concentration of anti-VEGF aptamer in tissues

was determined by dual hybridization as described

(Patent Application Serial No. 11/186,660).

Statistical Analysis

All values are expressed as mean � SE analysis of vari-

ance followed by a post hoc Bonferroni test used to

determine the significance of differences in multiple com-

parisons. Differences with a value of P � 0.05 were

considered significant.

Results

MCs Provide Vessel Stability When VEGF-A

Levels Are Compromised

MCs are recruited to all developing retinal vessels.18

However, MCs exhibit distinct immunochemical and his-

tological features that are dependent on the types of

vessels with which they associate. We chose NG2 as an

MC marker in our experiment, because NG2-positive

MCs (Figure 1A) were also positive for PDGFR-� (Figure

1B) and were located around all vessels of the develop-

ing retina. We found that injection of the anti-PDGFR-�

antibody, APB5 (10 mg/kg daily), prevented MC recruit-

ment to ECs on almost all developing blood vessels of the

retina in agreement with previous reports.33 We could

only detect NG2-positive cells in the roots of a few large

vessels (Figure 1C). In contrast, mice receiving the same

injection protocol but with PBS presented a normal vas-

culature (Figure 1C).

Having established a protocol for generating retinal

blood vessels that lack MCs, we tested the hypothesis

that the efficacy of anti-VEGF inhibition may be different

on blood vessels covered with MCs compared with na-

ked blood vessels. We injected neonatal mice daily from

birth (postnatal day 0, P0) with the anti-VEGF aptamer,

APB5 antibody, aptamer and APB5 in combination, or

PBS as a control. The anti-VEGF aptamer did not signif-

icantly affect the growth of retinal vasculature or MC

recruitment to retinal vessels, as compared to PBS con-

trols (Figure 2, A and B). This is in contrast to the reported

activity of pan-VEGF inhibitors and is likely due to the

specificity of the aptamer for a subset of VEGF iso-

forms.29 Injection of APB5, however, significantly re-

duced MC recruitment to the developing vessels of the

retina. In addition, vessel growth was impaired at P3

2040 Jo et al
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(Figure 2, A and B), and abnormal vasculature with en-

larged vessels was observed at P7 as compared to the

retina of PBS-injected controls (Figure 2, C and D). Im-

paired MC recruitment following the inhibition of PDGF-B

signaling has been previously shown to result in vessel

enlargement.17,18 When mice were treated with both the

anti-VEGF aptamer and APB5, inhibition of vessel growth

was significantly greater than in mice treated with either

agent alone (Figure 2, A and B). In mice treated with this

combination therapy, the P7 retinal vessels were severely

enlarged (Figure 2, C and D). We speculated that the

abnormality in the growing vasculature could be due to

hyperproliferation (vessel enlargement) and/or apoptosis

of ECs (reduced vascular area). We analyzed prolifera-

tion and apoptosis of ECs in all experimental groups at

P5, a mid-point between the observed vascular area

Figure 1. MC recruitment to the postnatal retinal vascula-
ture is inhibited by treatment with APB5. A and B: PE-
CAM-1, NG2, and PDGFR-� antibody staining on P5 retina.
C: Neonatal mice were injected daily from P0 with either
PBS (control) or APB5. All developing vessels in APB5-
treated animals were devoid of NG2-positive MCs except
for a few MCs that remained in the roots of large vessels
(arrows). Scale bars, 100 �m.

PDGF-B Inhibition Enhances Anti-VEGF 2041
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reduction (P3) and the subsequent severe tissue disrup-

tion (P7). To detect proliferating cells, we used an anti-

body against PH3. The number of PH3-positive ECs was

not significantly different in the treated and control retinas

(Figure 3, A and B). We observed few PH3-positive ECs

in the enlarged vessel areas present in APB5/anti-VEGF

Figure 2. Blocking VEGF-A and PDGF-B signaling affects retinal vascular growth and morphology. Neonatal mice were injected daily with anti-VEGF aptamer
or APB5 or both. A: P3 retinal vessels in each treatment group were labeled by perfusion with concanavalin A (green) and then immunostained for NG2 (red).
Scale bar, 500 �m. B: Quantification of the total vessel area in the P3 retina. C: P7 retinal vasculature was labeled with PECAM-1 staining. Scale bar, 100 �m. D:
Analysis of P7 retinal vessel length and width. *P � 0.01 compared to control or anti-VEGF aptamer-treated mice; †P � 0.05 compared to APB5-treated mice.

2042 Jo et al
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aptamer-treated retinas, suggesting that these aneu-

rysms and abnormalities were not caused by an increase

in EC proliferation but were primarily the result of altered

EC shape and organization, as previously reported.34 In

contrast, the number of apoptotic ECs in mice treated

with combination therapy was significantly higher than in

Figure 3. Change in EC proliferation and apoptosis following combination therapy. A: Double labeling with PH3 (green) and lectin staining (red) of P5 retina
in each treatment group. In the APB5-treated and combination-treated samples, the distribution of PH3-positive ECs observed is similar to control samples.
Enlarged regions in vessels (arrows) did not correlate with an increase in PH3-positive ECs. Scale bar, 100 �m. B: Quantitation of proliferating ECs in PBS control
and treatment groups. C: Detection of apoptotic ECs by double labeling with TUNEL (green) and lectin staining (red). Arrows, apoptotic ECs. D: Quantitation
of apoptotic ECs in control and treatment groups. E: 0.5-�m sections of P7 retina from each treatment group showing retinal edema in both the APB5 and the
combination samples. Scale bar, 50 �m.

PDGF-B Inhibition Enhances Anti-VEGF 2043
AJP June 2006, Vol. 168, No. 6



other experimental groups (Figure 3, C and D), providing

a possible explanation for the much reduced vascular

area present in this group. In addition, we observed that

the APB5- and combination-treated group presented

edema in the inner retina (Figure 3E). This edema could

be caused by the effect of PDGF-B signaling inhibitors on

the vasculature or on retina tissue development.

Inhibition of PDGF-B Signaling in Corneal NV

Prevents MC Recruitment to Nascent Vessels

and Induces MC Drop-out in Older Vessels

Most ocular pathologies are associated with abnormal

vessel growth. Thus, we wanted to evaluate the effect of

combination therapy on pathological blood vessels in the

eye. Abnormal vessel growth into the avascular cornea

occurs as a response to epithelial debridement (Figure

4A). Blood vessels grow mostly in the first 7 days postin-

jury and minimally thereafter (Figure 4B). Importantly, the

cornea remains vascularized even 28 days after epithe-

lium debridement without natural regression, making the

cornea model suitable for studying pharmacological ap-

proaches aimed at vessel regression. By day 10 postin-

jury, vessels were completely covered with SMA-, NG2-,

and PDGFR-�-positive MCs (Figure 4, C–E). On day 10

postinjury, VEGF-A, PDGF-B, and PDGFR-� expression

was significantly elevated (Figure 4F).

We tested whether blocking PDGF-B signaling would

interfere with MC recruitment to corneal neovessels. In-

deed, we found that, in our model of corneal NV, treat-

ment with the anti-PDGFR-� antibody APB5 results in

significantly less MC recruitment to nascent vessels

(days 0 to 10) compared to control PBS injection (Figure

5A). To investigate whether MCs could be stripped from

10-day-old corneal vessels (days 10 to 20; Figure 5B)

mice were injected with APB5 for 10 days starting 10

days postinjury (for experimental design see Table 1).

Indeed, the MC coverage of these vessels was greatly

reduced, and new vessels grew devoid of MCs in APB5-

treated mice compared to day 20 controls. In general,

MCs appeared to detach from corneal neovessels follow-

ing APB5 treatment, whereas MCs covered all patholog-

ical vessels more uniformly and tightly in PBS controls.

However, the limbal vessels in the corneal NV model

remained covered with MCs in both the APB5-treated

and PBS control mice (Figure 5C). Therefore, inhibition of

PDGF-B signaling only affects the new vessels that grow

as a result of epithelial debridement.

We based our observations about MC behavior follow-

ing PDGF-B signaling inhibition on the SMA expression

pattern. However, changes in the pattern of SMA staining

may simply reflect changes in MC marker expression

profile and not changes in the number of MCs present.

Indeed, it has been previously reported that MC marker

expression is very heterogeneous in some angiogenic

conditions, with MCs known to express different markers

in different tumor settings.33 To confirm that MC marker

loss indeed reflected an absence of MCs following

PDGF-B signaling inhibition, we performed ultrastructural

analysis of new vessel profiles after APB5 treatment. New

vessel profiles were classified based on the following

categories: 1) naked capillary, 2) capillary with attached

pericyte, and 3) undetermined (Figure 6A). In control

samples, 84.2% of vessels had pericytes attached to

them, whereas in APB5-treated samples only 42.9% of

vessels showed EC/pericyte association (Figure 6B).

More than half of the vessels (56.6%) counted were na-

ked capillaries in APB5-treated samples as compared to

only 12.7% in controls. Therefore, the EM quantitation

is in agreement with the pericyte loss observed fol-

lowing APB5 treatment as visualized by SMA staining

(Figure 5C).

Combination Therapy Is More Effective Than

Mono-therapy at Causing Vessel Regression in

the Corneal NV Model

We have shown that blocking PDGF-B signaling using

different inhibitors leads to altered MC recruitment to

nascent vessels and the detachment of MCs from 10-

day-old vessels in the corneal NV model. We wanted to

investigate whether MC removal would affect neovessel

growth and survival in the presence of anti-VEGF treat-

ment. Mice were treated with APB5 or anti-VEGF aptamer

or both immediately following corneal injury for 10 days.

Control animals received PBS injections. Mice treated

with the anti-VEGF aptamer had a substantial decrease in

the area of NV (Figure 7), underscoring VEGF-A inhibition

as an effective therapy for the prevention of new blood

vessel growth. Treatment with APB5 alone minimally af-

fected development of NV (Figure 7A). Mice treated with

both APB5 and anti-VEGF aptamer showed additional

benefit with a smaller NV area than all other treatment

groups (Figure 7B). Thus, anti-VEGF treatment is effec-

tive at preventing new vessel growth but less so than

anti-VEGF and anti-PDGF treatment combined.

We wished to explore whether both anti-VEGF and

combination therapy remained effective over time. There-

fore, we tested anti-VEGF and anti-PDGF reagents on 10-

and 14-day-old cornea vessels. We chose these time

points based on the fact that, in the corneal NV model,

neovessel growth slows down from day 10 onward (Fig-

ure 4B). Mice were treated with a PDGF-B signaling

inhibitor or anti-VEGF aptamer or both, at 10 days postin-

jury for 10 days (until day 20, see Table 1). Both APB5

and Gleevec were used as PDGF-B signaling inhibitors in

this experiment and behaved similarly (APB5 data

shown). Treatment with the anti-VEGF aptamer did not

affect vessel composition (Figure 8A) but inhibited vessel

growth as compared to day 20 PBS control mice (Figure

8B). However, there was no significant vessel regression

in anti-VEGF-treated mice compared to day 10 controls

(represented as 0 on the y axis, Figure 8B), suggesting

that blocking VEGF signaling was sufficient to prevent

neovessel growth but unable to cause vessel regression.

In APB5-treated mice, MCs were stripped from 10-day-

old corneal vessels, leaving mostly bare EC tubes com-

pared to controls (Figure 8A). The total area occupied by

naked NV, however, was comparable to that of day 20

PBS controls (Figure 8B) confirming that MC depletion
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Figure 4. MC recruitment in the corneal NV model. A: Example of corneal NV at
day 10 (D10) after epithelial debridement, as compared with a control uninjured
cornea. Vessels are visualized with PECAM-1 staining. B: Percent area of corneal
NV from day 5 through day 28 after epithelial debridement. C–E: Double
immunofluorescence staining using PECAM-1, SMA, NG2, and PDGFR-� anti-
bodies on corneal NV 10 days after epithelial debridement. SMA, NG2, and
PDGFR-� staining localize to MCs surrounding vessels. Scale bar, 100 �m. F:
Real-time quantitative PCR analysis of VEGF-A, PDGF-B, and PDGFR-� mRNA
expression during corneal NV; *P � 0.01.
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alone did not significantly affect vessel growth. In cor-

neas from animals treated with combination therapy, the

population of MC-covered vessels decreased as in mice

treated with APB5 alone, but in addition, few MC-free

vessels were observed (Figure 8A). Thus, we observed a

significant decrease in new vessel growth in combina-

tion-treated mice compared to day 20 PBS control mice

and significant regression compared to day 10 PBS con-

trols (Figure 8B).

Similar results were observed in animals where treat-

ment was initiated later, at day 14, and continued until

day 28 (see Table 1). The anti-VEGF aptamer alone

showed inhibition of neovessel growth compared to day

28 control mice but did not show regression as compared

to day 14 PBS controls (represented as 0 on the y axis,

Figure 8C). The inhibition of neovessel growth observed

in the day 14 to 28 treatment period was less significant

than that observed when anti-VEGF treatment was ad-

Figure 5. Inhibition of PDGF-B signaling blocks MC recruitment and results in MC stripping of corneal neovessels. A–C: ECs were labeled by staining with lectin
(green) and MCs by staining with SMA (red) in all samples. A: Prevention: Corneal NV was induced on D0, and mice were treated daily with APB5 until D10
postinjury. MC recruitment to new vessels was reduced by treatment with APB5 compared to PBS controls (see SMA panels). B and C: Regression: To test whether
treatment was as effective at later times, mice were injected with APB5 every day starting 10 days postinjury for 10 days and sacrificed 20 days postinjury. Scale
bar, 100 �m. B: MC vessel coverage was reduced in mice treated with APB5 as compared to D20 PBS controls. C: High magnification images of corneas from
injured mice treated from D10 to D20 with either PBS or APB5. Neovessels in PBS controls had greater MC coverage than in APB5-treated animals (arrowheads).
Scale bar, 20 �m. D: The limbus of uninjured animals remained covered by MCs despite treatment with APB5 from D10 to D20. Scale bar, 5 �m.
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ministered from day 10 to 20 (compare aptamer-treated

group in Figure 8, B and C) suggesting reduced efficacy

of anti-VEGF therapy over time. In contrast, mice treated

with combination therapy from day 14 postinjury until day

28 had not only inhibition of new vessel growth compared

to PBS injected control mice but also significant vessel

regression compared to day 14 PBS controls (Figure 8C).

Our results on the developing retina and in previous

reports11,23 suggest that combination therapy might in-

duce edema. We explored whether combination therapy

increased edema in the corneal NV model by measuring

corneal thickness. As expected neovascular growth

causes thickening of the cornea, but there was no signif-

icant increase in corneal thickness in either anti-VEGF

aptamer or combination therapy-treated animals as com-

pared to untreated controls (Figure 8D).

Although anti-VEGF therapy resulted in reduced cor-

neal NV, there was a marked decrease in its effective-

ness over time in this model (Figure 8, B and C), in

agreement with observations made in other systems.11,23

We explored whether this decrease in effectiveness was

related to a decrease in the amount of anti-VEGF aptamer

present in the cornea over time. We conducted a sepa-

rate experiment to correlate the extent of neovascular

inhibition at different time points with the amount of anti-

VEGF aptamer in the cornea. We found that, although the

extent of inhibition of neovascularization decreased with

time (Figure 9A), the amount of anti-VEGF aptamer in-

creased slightly with time (Figure 9B). Thus, concentra-

tions of anti-VEGF aptamer that were sufficient to inhibit

vessel growth between days 0 and 10 were less effective

at inhibiting the growth of vessels between days 10 and

20 or days 20 and 30. The effectiveness of combination

therapy was also found to diminish over time in this

model, but at each time it remained more efficacious than

anti-VEGF aptamer alone (Figure 9C).

Combination Therapy Is Effective in CNV

Abnormal growth of choroidal vessels is one of the hall-

marks of age-related macular degeneration that can be

studied in the laser-induced CNV mouse model.5 Be-

cause we are interested in developing and improving

therapeutics for the treatment of age-related macular

degeneration, we tested the effectiveness of our combi-

nation approach in murine CNV. In a prevention study,

CNV was induced by laser injury, and subsequently an-

imals were treated with APB5 or anti-VEGF aptamer or

both for 14 days. Mice treated with APB5 alone had

neovascular lesions of similar area as PBS-injected con-

trol mice (Figure 10A). In contrast, mice treated with the

anti-VEGF aptamer had a statistically significant de-

crease in the area of NV (Figure 10A). However, mice

treated with the anti-VEGF aptamer and APB5 exhibited

the smallest NV lesions as compared to all other treat-

ment groups (Figure 10A).

To evaluate its efficacy on older lesions, we treated

7-day-old CNV with combination therapy. Laser injury

was performed at day 0, and treatment started 7 days

postinjury for 7 days (see Table 1); vessel growth was

measured 14 days postinjury. Treatment with APB5 had

Figure 6. EC/MC association is reduced in cornea neovessels of mice
treated with APB5 as revealed by electron microscopy. A: Electron micro-
graphs were divided into three groups (representative images for all
groups were taken from D0 to D10 APB5-treated samples): naked Capil-
lary, capillary with attached pericyte and undetermined; E, endothelial cell;
P, pericyte; ?, unidentified cell structure. Scale bar, 2 �m. B: The percentage
of pericyte association with ECs is shown.
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no effect on lesion size compared to PBS control (Figure

10B). However, mice treated with anti-VEGF aptamer had

a statistically significant decrease in lesion area com-

pared to PBS injected control mice (Figure 10B). The

most dramatic inhibition of CNV was observed when mice

were treated with both anti-PDGF-B and anti-VEGF inhib-

itors, underscoring the effectiveness of blocking both

pathways rather than either of them separately (Figure

10B).

Discussion

In the present study, we show that blocking PDGF-B

signaling enhances the effect of anti-VEGF therapy in

three ocular models: developmental angiogenesis, cor-

neal NV, and CNV. Blocking both VEGF-A and PDGF-B

signaling pathways is superior to mono-therapy in the

prevention of corneal and CNV and, furthermore, can

cause regression of VEGF-independent vessels in these

models. This report presents the first evidence for phar-

macological combination therapy as a viable approach

for the treatment of ocular angiogenesis.

VEGF-A is a known regulator of angiogenesis and

permeability. Targeting VEGF-A has been recently vali-

dated in clinical trials as an effective therapy for diseases

associated with pathological angiogenesis.35–37 How-

ever, there are limitations to anti-VEGF therapy both in

oncology13 and ophthalmology, reflecting perhaps a

change in vessel dependence on VEGF-A with time.11,12

Indeed, we found the effectiveness of anti-VEGF treat-

ment in causing vessel regression decreased over time in

our animal model of corneal NV (Figures 8 and 9).

Ocular diseases associated with deregulated vessel

growth develop over long periods of time, and, there-

fore, effective treatment would target not only the ac-

tively growing vasculature but also pre-existing patho-

logical vessels. Thus, intervention should aim to target

vessel regression for maximum clinical effect. Since

some animal models of ocular NV present natural

vessel regression over time,6,38 we explored using

the corneal NV model for neovascular regression.

We determined this model to be optimal for the study

of vessel regression, because corneal neovessels do

not regress naturally for up to 4 weeks following

injury.39

Although the developmental processes underlying

new blood vessel formation and maturation have been

well studied,40 many questions still remain regarding

what constitutes a ‘mature’ or established vessel. Vessel

maturity has been linked to both the presence of MCs

and a reduced dependence on VEGF-A for survival.11,12

The mechanisms leading to vessel maturity and

VEGF-A independence are still poorly understood. Gen-

erally, it is thought that blood vessels require VEGF-A

during embryonic development and at sites of natural

adult blood vessel growth settings such as bone and

Figure 7. Combination therapy prevents vessel growth in the corneal NV
model. Mice were treated daily immediately following corneal NV induc-
tion for 10 days (D0 to D10) with either APB5 or anti-VEGF aptamer or
both. A: NV was analyzed on D10 following perfusion with fluorescein
isothiocyanate-concanavalin A. Scale bar, 100 �m. B: Quantitative anal-
ysis of corneal area covered with NV. *P � 0.01 compared to control or
PDGF-B inhibitor-treated mice; †P � 0.05 compared to anti-VEGF
aptamer-treated mice.
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reproductive angiogenesis.41,42 Pathological vessels re-

sulting from aberrant angiogenesis in the adult are highly

dependent on VEGF-A, although there is mounting evi-

dence of pathological vessel resistance to anti-VEGF

therapy.12,13

Although VEGF-A is the primary regulator of blood

vessel growth, other pathways such as PDGF-B signal-

ing regulate the process of EC/MC association, a nec-

essary, but not sufficient, step in vessel stabiliza-

tion.14 –16 Transgenic mice lacking PDGF-B/PDGFR-�

fail to recruit MCs during embryonic vessel develop-

ment,15–17 as did treatment of the developing retina

with a PDGFR-� blocking antibody, causing severe

edema and blood vessel abnormalities. Little is known,

however, about the effect of blocking PDGFR-� on MC

recruitment to angiogenic vessels in adult tissues. In

the present study, we first describe that corneal

neovessels are associated with MCs as defined by the

expression of a variety of MC markers. This evaluation

is essential because the study of MCs and their con-

tribution to vessel function has been hindered, in part,

by the difficulty in identifying these cells due to the fact

that specific marker expression can vary markedly in

different tissues and vascular beds.11,12 For example,

angiogenic tumor vessels can be associated with pop-

ulations of MCs that differ in their marker expression

profiles over time.14,33 Ultimately, it is a combination of

their distinctive morphology and perivascular localiza-

tion together with the expression of specific markers

such as SMA, NG2, desmin, and PDGFR-�43– 45 that

determines the presence of MCs. In our ocular NV

models, we show that the absence of pericyte marker

Figure 8. Combination therapy caused vessel regression over time. A and B: Treatment of corneal NV started at 10 days postinjury for 10 days (D10 to D20). A:
Vessels were visualized by perfusion with fluorescein isothiocyanate-concanavalin A, and MCs were stained with SMA (red). Scale bar, 100 �m. B: Quantitative
analysis of neovascular regression expressed as the percent change in NV area at D20 (after 10 days of treatment) compared to D10 (before treatment; represented
as 0 on the y axis). *P � 0.05 compared to D20 control or PDGF-B inhibitor-treated mice; †P � 0.01 compared to anti-VEGF aptamer-treated mice. �, P � 0.01
compared to D10 mice (before treatment). C: In this experiment treatment was started 14 days postinjury until D28 (D14 to D28). Quantitative analysis of NV
regression expressed as the percentage change in NV area as compared to D14 (before treatment). *P � 0.05 compared to D28 control mice; †P � 0.01 compared
to anti-VEGF aptamer-treated mice. �P � 0.01 compared to D14 mice (before treatment). D: Injured corneal thickness was determined by measuring cornea width
in sections of control and treated eyes. Data are expressed as -fold change to normal (uninjured) corneal thickness.
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expression indeed correlated with pericyte loss in

agreement with recent studies examining pericyte

marker expression in tumor vessels.46

A previous study using the RIPTag2 pancreatic islet

tumor mouse model demonstrated that combined target-

ing of VEGF-A and PDGF-B signaling using RTK inhibi-

tors disrupted the association of MCs with ECs, reduced

the tumor vascularity, and resulted in greater inhibition of

tumor growth compared with targeting VEGF-A signaling

alone.22 We have expanded on these findings using neo-

vascularization models that allow detailed cell biology

analysis without the complexity of tumor settings and are

able to demonstrate that the disruption of the EC/MC

association occurs directly as a consequence of blocking

PDGF-B signaling rather than as a result of tumor growth

inhibition. Furthermore, RTK inhibitors are known to act

on a broad range of kinases, making it difficult to rule out

effects observed due to the inhibition of kinases other

than PDGFR-�. We have used specific inhibitors of

VEGF-A and PDGFR-� to show that the effects observed

on MC/EC interactions are due to the specific inhibition of

PDGF-B signaling.

In vessels of the developing retina, and even in the

established neovessels of the cornea and CNV models,

inhibition of PDGFR-� signaling resulted in pericyte de-

pletion. In addition, PDGF-B inhibition alone resulted in

edema and abnormal vessel morphology in the develop-

ing retina but not in the cornea NV model (compare

Figure 3, A and E, with Figure 8D). The retinal vasculature

and the neuroretina are growing and differentiating in a

simultaneous and coordinated fashion during the post-

natal period examined, and there is a clear interdepen-

dence between them.47,48 Therefore, disrupting the vas-

culature of a developing tissue such as the postnatal

retina is likely to have a profound impact on its assembly

and architecture. In contrast, the cornea is a fully devel-

oped avascular tissue and therefore, less likely to be

affected by a compromised vasculature. It must also be

noted that treatment with the anti-VEGF aptamer alone

did not affect the developing retinal vessels but pre-

vented growth of the vessels in the cornea. Because the

anti-VEGF aptamer targets only a subset of all VEGF

isoforms, sufficient VEGF would be available to sustain

normal vessel formation. The pathological vessels of the

cornea, however, may rely mostly on the pathological

isoform of VEGF, VEGF164, which is targeted by the anti-

VEGF aptamer.29

Although PDGF-B signaling inhibition resulted in peri-

cyte depletion of retinal and corneal vessels, it had no

effect on the pericyte coverage of the adult limbal vas-

culature (Figure 5C), suggesting that both the suscepti-

bility of ECs to VEGF-A withdrawal and of MCs to inhibi-

tion of PDGF-B signaling alters over time. The window of

sensitivity to PDGF-B signaling inhibition is distinct

though overlapping, with the window of VEGF depen-

dency. For example, 10-day-old neovessels of the cor-

nea, which are refractory to VEGF-A inhibition (ie, do not

regress, Figure 8B), are still sensitive to PDGF-B signal-

ing blockade. This sensitivity is reflected by the loss of

pericytes and the subsequent resensitization to anti-

VEGF treatment following administration of PDGF-B sig-

naling inhibitors.

Blood vessel maturation can be characterized by a

decreased sensitivity to anti-VEGF-A therapy. We spec-

ulate that there is a stage in the maturation process

before the formation of a stable vessel, in which vessel

endothelium are refractory to VEGF blockade but vessel

pericytes are still in an immature state and susceptible to

PDGF-B withdrawal. We have shown experimentally that

Figure 9. The efficacy of the anti-VEGF aptamer diminishes over time.
Animals were treated at different times postinjury from D0 to D10, D10 to
D20, or D20 to D30. A: One cornea from each treated animal was stained
(with PECAM-1) for neovessel quantitation; the other cornea was processed
for determination of anti-VEGF aptamer tissue concentration using a dual
hybridization assay (B). n � 4 animals per experimental group. C: Combi-
nation therapy is more effective over time than anti-VEGF inhibition alone.
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this window of PDGF-B dependency provides an oppor-

tunity to resensitize the endothelium to VEGF withdrawal,

thus promoting vessel regression following combination

therapy. In summary, our data suggests that, although

pathological neovessels may develop resistance to anti-

VEGF therapy, they can become susceptible following

the inhibition of PDGF-B signaling and the ensuing MC

depletion. Consequently, a combination therapy ap-

proach, using both VEGF-A and PDGF-B inhibitors, may

be a more effective intervention for advanced ocular

neovascular disease.
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