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Abstract

Background Vascular endothelial growth factor (VEGF) is an
important stimulator of choroidal neovascularization (CNV).
Bevacizumab (Avastin), ranibizumab (Lucentis) and pegapta-
nib sodium (Macugen) are anti-VEGF medications that have
been used in the treatment of CNV. The purpose of our study
is to evaluate the efficacy and safety of intravitreal injections
of bevacizumab, ranibizumab and pegaptanib sodium in the
treatment of CNV in a rat model.

Methods Multiple CNV lesions were induced by laser
photocoagulation of the retina in Brown-Norway rats. After
3 weeks, 17 rats were divided into three groups and received
intravitreal injections of bevacizumab, ranibizumab or pegap-
tanib sodium in different dosages. The lesions were evaluated
by fluorescein angiography 1, 7, 14, and 28 days later to
assess the efficacy of these medications.

Results Different doses of bevacizumab did not show any
effect on stopping the leakage on fluorescein angiography on
days 1, 7, 14, and 28. Ranibizumab and pegaptanib sodium
did not stop the leakage of CNV either. No angiographic or
histopathologic toxicity was observed.

Conclusions These three anti-VEGF agents did not show any
therapeutic effect on stopping CNV leakage in rats. Previous
experiments with ranibizumab in monkeys resulted in a sig-
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nificant decrease in leakage of CNV. The difference may be due
to the fact that both ranibizumab and bevacizumab are
humanized and species-specific. There are several studies evalu-
ating the effect of bevacizumab in non-primates. Since be-
vacizumab is humanized, the results of studies on non-primates
may not be similar to humans and non-human primates.
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Introduction

Vascular endothelial growth factor (VEGF) plays a major role
in the pathophysiologic basis of the angiogenesis. In the eye,
VEGF may lead to the development and progression of
neovascular age-related macular degeneration (AMD), prolif-
erative diabetic retinopathy, retinopathy of prematurity, and
other neovascular disorders of the eye. Levels of VEGF in the
eye have been shown to rise in diseases that involve intraocular
neovascularization [1]. Inhibiting VEGF-dependent angiogen-
esis and decreasing vascular permeability are potential treat-
ments for neovascular AMD. As a humanized monoclonal
antibody to VEGF, bevacizumab (Avastin™; Genentech, Inc.,
South San Francisco, CA, USA), a FDA-approved medica-
tion for metastatic colon cancer and breast cancer, can reduce
the leakage of choroidal neovascularization (CNV) in AMD
[2]. Ranibizumab (Lucentis™, Genentech, Inc.), similar to
bevacizumab, a chemically modified, 48 KD humanized frag-
ment antigen binding (Fab) of a monoclonal anti-VEGF
antibody, and pegaptanib sodium (Macugen™, Eyetech Phar-
maceuticals/OSI Pharmaceuticals, Long Island, NY, USA) a
28-nucleotide RNA aptamer specific for the VEGF165 isoform,
are both approved for treatment of AMD by the FDA. They are
significantly more expensive than bevacizumab. However, so
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far the safety and efficacy of bevacizumab has not been directly
compared to ranibizumab.

There are approximately 10 million patients affected by
age-related macular degeneration in the United States, and
approximately 10% of them have the wet (neovascular) form
of AMD [3]. Therefore, there are a large number of AMD
patients that potentially may require treatment. It is important
to evaluate the efficacy and safety of bevacizumab for
ophthalmic administration. A head-to-head clinical trial—
Comparison of Age-related Macular Degeneration Treat-
ments Trials (CATT)—is designed to compare the safety and
efficacy of bevacizumab to ranibizumab. However, clinical
trials are lengthy, and the result of the trials may not be
available for a few years. Although no retinal toxicity has
been reported after intravitreal injection of bevacizumab, the
safety needs further studies [4].

There are several studies regarding ocular effects of
bevacizumab on experimental animals, such as rabbits [5], rats
[6, 7], mice [8] and monkeys [9]. We have studied ranibizu-
mab in a monkey model of choroidal neovascularization [10],
and the effect was similar to the human response to rani-
bizumab. There is a controversy about the efficacy of anti-
VEGEF antibodies in murine models [11]. Our study is designed
to answer whether ranibizumab or bevacizumab are effective
in a laser-induced rat model of choroidal neovascularization.

A rat model of laser-induced CNV has been utilized for the
evaluation of experimental treatments of AMD, such as
verteporfin in photodynamic therapy (PDT) [12], intravitreal
triamcinolone acetonide [13], angiostatin [14], etc. The result
of PDT in a rat model was comparable to human response
[12]. The rat model of laser-induced CNV has a high repro-
ducibility and reliability. The neovasculatures in rats leak for
8 weeks or longer [15]. Moreover, this model is inexpensive
and easy to use. In order to compare the ability of these anti-
VEGF agents in stopping leakage of choroidal neovasculari-
zation, we investigated laser induced rat model for evaluation
of three anti-VEGF medications: bevacizumab, ranibizumab
and pegaptanib sodium.

Fig. 1 Fluorescein angiography
of a control eye. a Late phase of
fluorescein angiogram of a
Brown-Norway rat 3 weeks after
laser photocoagulation (day 0),
shows the hyperfluorescence at
the site of laser injury. b The
late phase of fluorescein angio-
gram of the same eye 7 weeks
after laser photocoagulation
(day 28), shows the consistent
leakage of CNV
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Material and methods
Induction of choroidal neovascular membranes

All experiments were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and the guidelines of the Yale University
Institutional Animal Care and Use Committee on Animal
Research. Brown-Norway rats (250 g-300 g) were purchased
from Harlan Sprague Dawley, Inc, and anesthetized with a
0.2 ml-0.3 ml of a 1:1 mixture of ketamine (100 mg/ml) and
xylazine (20 mg/ml) through intraperitoneal injection. Pupils
were dilated with a topical application of 2.5% phenylephrine
and 1.0% tropicamide. An argon green laser (Model Ultima
2000 SE, Coherent Medical Laser) was used to induce six or
seven laser spots in each eye around the optic nerve. The
wavelength was 532 nm, and the spot size was 100 pum. Power
delivered ranged from 160 mW to 170 mW, applied for
0.1 sec. A bubble or a small subretinal hemorrhage (diameter
<1 mm) at the laser spot indicated rupture of the Bruch’s
membrane [12]. The formation of CNV was confirmed by
fluorescein angiography and fundus photography. Fluores-
cein angiography 3 weeks after laser showed early hyper-
fluorescence with late leakage at the site of the laser injury

(Fig. 1a).
Fluorescein angiography

Rats were anesthetized, and their pupils were dilated with
2.5% phenylephrine and 1.0% tropicamide. Fluorescein
angiography was performed using a digital fundus camera
(model TRC 50 EX; Topcon, Paramus, NJ, USA) and a 50°
angle of view. 1 ml of 10% sodium fluorescein was injected
intraperitoneally [12]. Fluorescein angiography was per-
formed 3 weeks after laser photocoagulation to confirm the
growth of CNV, and also on days 1, 7,14, and 28 after
intravitreal injection of bevacizumab, ranibizumab or pegap-
tanib sodium (Table 1).
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Table 1 Experiment design (CNV: choroidal neovascularization;
VEGF: vascular endothelial growth factor)

Date of test Action

Day -21 Argon green laser

Day -1 Fluorescein angiography to confirm
the presence of CNV

Day 0 Injection of anti-VEGF agent

Day 1 Fluorescein angiography

Day 7 Fluorescein angiography

Day 14 Fluorescein angiography

Day 28 Fluorescein angiography

Dosage and administration of medications

Eyes were randomly assigned to three groups; group 1 re-
ceived intravitreal injection of bevacizumab, group 2 received
ranibizumab, and group 3 received pegaptanib sodium. The
average volume of human vitreous is about 4.0 ml, while the
volume of rat vitreous varies from 56 pl [16] to 12 pl [17].
The dose equivalent to human dose was calculated as about
1/30-1/70 of humans. The doses of bevacizumab and rani-
bizumab that were used in this experiment included not only
the equivalent dose (similar vitreous concentration) to humans,
but also other doses. The dosages of bevacizumab were
0.025 mg (1 pl), 0.05 mg (2 pl), 0.125 mg (5 pl) and
0.25 mg (10 ), ranibizamab 0.02 mg (2 pl), 0.05 mg (5 pl) and
0.1 mg (10 pl), and pegaptanib sodium 0.01 mg (3 pl).

Fig. 2 Intravitreal injection of
bevacizumab (0.05 mg/2 ul).

a Fluorescein angiogram of a
Brown-Norway rat at the base-
line (before injection of bevaci-
zumab). The angiogram shows
leakage consistent with choroi-
dal neovascular membrane.
b,c,d The late phase of fluores-
cein angiogram of the same eye
7, 14, and 28 days after intra-
vitreal bevacizumab injection
respectively. No significant
therapeutic effect was noted

Intravitreal injections were performed by inserting a 31-gauge
needle, attached to a 10-ul Hamilton syringe. The lesions were
evaluated by fluorescein angiography 1, 7, 14 and 28 days
following intravitreal injection to assess the efficacy of these
medications. Six eyes were left untreated as an internal control
after the laser injury. Fluorescein angiography was performed
on these control eyes once per week for 7 weeks after laser
photocoagulation. Three eyes from bevacizumab and three eyes
from ranibizumab groups were enucleated 14 days after in-
travitreal injection, and stained by hematoxylin and eosin for
histopathologic examination.

Results
Fluorescein angiography

The fluorescein angiography in control eyes showed early
hyperfluorescence with late-phase leakage at the site of laser
injury 7 days after laser photocoagulation, which reached its
peak on about day 21 (Fig. 1a). The hyperfluorescence of
CNV was still present 50 days after laser (end point of our
experiment).

Following administration of various dosages of bevacizu-
mab, none of the doses showed any effect in stopping the
angiographic leakage on fluorescein angiogram on days 1, 7,
14, and 28. Figures 2 and 3 show the fluorescein angiogram
of bevacizumab treated eyes in dosage of 0.05 mg and
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Fig. 3 Intravitreal injection of
bevacizumab (0.25 mg/10 pl).

a Fluorescein angiogram of a
Brown-Norway rat at the base-
line (before injection of bevaci-
zumab). b,c,d The late phase of
fluorescein angiogram 7, 14,
and 28 days after bevacizumab
treatment respectively. No
significant therapeutic effect
was noted

0.25 mg respectively. Ranibizumab (Fig. 4) and pegaptanib
sodium (Fig. 5) did not stop the leakage of CNV either. No
fundoscopic, angiographic, or histopathologic side effect was
observed in rats.

Fig. 4 Intravitreal injection of
ranibizumab (0.02 mg/2 pl).

a Fluorescein angiogram of a
Brown-Norway rat at the base-
line (before injection of ranibi-
zumab). b,c,d The late phase of
fluorescein angiogram 7, 14,
and 28 days after bevacizumab
treatment respectively. No
significant therapeutic effect
was noted
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Histopathologic examination

In control eyes, which did not receive any anti-VEGF
medication, a choroidal neovascular membrane with new
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Fig. 5 Intravitreal injection of
pegaptanib sodium (0.01 mg/3 pl).
a Fluorescein angiogram of a
Brown-Norway rat at the baseline
(before injection of pegaptanib
sodium). b,c,d The late phase of
fluorescein angiogram 7, 14, and
28 days after bevacizumab treat-
ment respectively. No significant
therapeutic effect was observed in
the rat model of choroidal
neovascularization

vessels and hemosiderin-laden macrophages was seen on
day 14 (Fig. 6a). This choroidal neovascular membrane pro-
gressed over time to become more fibrotic on day 28. At this
time, the membrane was hypocellular, with limited inflam-
matory response. In the treatment group, 14 days following
intravitreal injection of bevacizumab or ranibizumab, the
new vessels with patent lumen still existed in the site of laser
injury (Fig. 6b,c), No inflammatory reaction related to the
injection of medications was found. No other retinal and
choroidal changes were noted.

Discussion

Angiogenesis, the process by which new capillaries originate
from existing vessels, is a requirement for the establishment of
the vascular supply in both normal and abnormal tissues.
VEGEF has the ability to promote growth of vascular endo-
thelial cells derived from vessels [18].

VEGEF is an endothelial cell-specific molecule that acts
through two tyrosine kinase receptors, VEGFR-1 (Flt-1) and
VEGFR-2 (Flk-1/KDR) [19, 20]. With activation of VEGF,

Fig. 6 Hematoxylin and eosin staining of CNV on day 14; control eye (a),
bevacizumab (b),and ranibizumab (c). a Control; pathologic blood ves-
sels are present (arrows) in the area of CNV in the control eye. b Beva-
cizumab; neovascularization is present (arrows) in the area of CNV
14 days post injection of bevacizumab (0.25 mg/10 pl). ¢ Ranibizumab;

pathological blood vessels are also present (arrows) in the area of CNV
14 days post injection of ranibizumab (0.1 mg/10 pl). The size and
cellular structure of the CNV in the control eye, bevacizumab- and
ranibizumab-treated eyes were similar

@ Springer



176

Graefes Arch Clin Exp Ophthalmol (2009) 247:171-177

endothelial cells proliferate, and migrate from existing normal
choroidal vessels and develop complicated vascular networks.
Without presence of pericytes, these new vessels lack the
barrier function of mature endothelial cells. Anti-VEGF
agents inhibit this VEGF-dependent proliferation of vessels.
Although the pathogenesis of CNV is not fully understood,
the blockage of VEGF receptor signaling is responsible for the
inhibition of CNV. Thus VEGF is an important stimulator of
CNV [21].

Following years of clinical trials, anti-VEGF agents have
been proven to be beneficial for the treatment of AMD.
Bevacizumab has been approved by the FDA as a treatment
for metastatic colorectal and lung cancer in combination with
chemotherapy. Also, it has recently been approved for the
treatment of breast cancer. Currently, bevacizumab is injected
intravitreally as an off-label treatment of neovascular AMD.
Similar to bevacizumab, ranibizumab is a humanized anti-
VEGF antibody. In a previous study, intravitreal injections of
ranibizumab administered every 2 weeks in a laser-induced
CNV model in cynomolgus monkeys showed no significant
toxic effect, and prevented formation of clinically significant
CNV [10]. These results were very similar to the human
response in clinical settings. Manzano et al. reported that
topically administered bevacizumab limits corneal neo-
vascularization following chemical injury in a rat model
[6]. If bevacizumab could interact with rat VEGF, rat would
be a good CNV model to evaluate the ocular response to
bevacizumab.

There are a few reports regarding the effect of bevacizumab
on corneal neovascularization in murine models. Bock et al.
reported that systemic or topical application of bevacizumab
can significantly inhibit inflammation-induced angiogenesis
in the cornea of mice, and bevacizumab binds mouse VEGF-
A by Western blot, ELISA, and plasmon resonance assay [8].
Manzano et al. evaluated the effect of topical bevacizumab
on a rat model of corneal neovascularization. They applied
silver nitrate sticks to cauterize the cornea in Long Evans rats
in order to induce neovascularization of the cornea. Topical
bevacizumab 4 mg/ml limited corneal neovascularization in
rats [6]. Utilizing a similar model of corneal neovasculariza-
tion in Wistar rats, Barros et al. found subconjunctival
injection of bevacizumab 0.02 ml can significantly inhibit
corneal angiogenesis [7].

Bevacizumab is a humanized variant of the anti-human
VEGF-A monoclonal antibody A.4.6.1, which was derived
using hybridoma technology by immunizing mice with human
VEGF as originally described by Kim et al. [22]. Since
bevacizumab is humanized, it is species-specific. Fuh et al.
reported that the structure of the protein does not allow
bevacizumab to bind with murine VEGF-A [23]. In a recently
published paper, Yu et al. [11] detected no measurable inter-
action between mouse VEGF and bevacizumab by BlAcore.
Bevacizumab also failed to inhibit mouse VEGF-stimulated
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endothelial cell proliferation. Even at a very high dose, there
was not a significant inhibition of mouse VEGF-A by
bevacizumab. Additionally, an in vivo study showed that
bevacizumab did not inhibit laser-induced choroidal neo-
vascularization in a mouse model, and had no effect on
melanoma growth in the same animal [11].

Intravitreal bevacizumab, ranibizumab and pegaptanib
sodium were injected to study the safety and efficacy of these
medications on a rat model of choroidal neovascularization. In
contrast to the corneal studies by Bock et al. and Manzano et
al., our results showed that these medications did not stop the
leakage of laser-induced choroidal neovascularization in rats.

Manzano et al. [6] used topical bevacizumab 4 mg/ml
drops twice a day for 7 days. In our study we used single
injection, and the maximum concentration of bevacizumab
in the vitreous of rats was about 4 mg/ml. Additionally, the
technique and mechanism of induction of neovascularization
is site-specific and model-dependent [24]. VEGF receptor
expressed in different cells may act differently. The immune
response to intravitreal injection of a drug may be different
from the immune response to topical administration of the
same medication. Since the blood ocular barrier may modify
the immune response to intravitreal injections, activation of
the rat immune system to the topical administration of
humanized antibody may explain the difference in response
to anti-VEGF therapy between corneal neovascularization
and choroidal neovascularization.

Our study has a few limitations, including the small
number of experimental animals and a short follow-up. We
did not study the effect of multiple injections on the choroidal
neovascular membrane in this group of rats.

In conclusion, our in vivo study suggests that bevacizumab
and ranibizumab do not inhibit leakage of laser-induced
choroidal neovascularization in rats. Our results suggest that
the response to anti-VEGF therapy may be species- and site-
specific. Therefore, the effect of VEGF inhibition varies in
different neovascular animal models. There are several studies
regarding safety, efficacy and pharmacokinetic of bevacizu-
mab in non-primates. The results of experiments in non-
primates may not be similar to primates, and those results
should be interpreted with caution.
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