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Abstract

Background—To compare effects of multiple injections of small divided doses of intravitreal
bevacizumab vs. a single injection using a retinal neovascular model in rabbits.

Methods—We assigned 12 pigmented rabbits to four groups of three each. All groups received an
intravitreal injection of vascular endothelial growth factor (VEGF, 10 pg) on the first day. Group A
received an intravitreal loading dose of bevacizumab (0.5 mg) on day 3, followed by five smaller
injections (0.15 mg), one every third day. Those in group B and C received a single intravitreal
injection of bevacizumab (1.25 mg) on day 3, followed by five injections of sham, one every third
day in group C. Group D received only intravitreal VEGF. Follow-up examinations were performed
for 26 days.

Results—In groups A and B, vascular changes associated with VEGF injection decreased
substantially in the first 3 days and continued to show gradual regression during each follow-up
interval. No statistically significant differences were found between the changes of mean retinal
thicknesses in groups A and B at both areas. In group C, the extra sham injections did not lead to any
further vascular changes. The mean retinal thickness in group B and C did not have a statistically
significant difference during the follow-up period. In group D, vascular changes resolved more
gradually than in other groups. The difference in retinal thickness between group D and the other
groups was statistically significant on day 6 in both groups (medullary and inferior part; p=0.0003)
and in medullary wing on day 12 (p=0.03).

Conclusions—Frequent smaller doses of bevacizumab can control VEGF-induced vascular
changes as well as the currently utilized model of single monthly large injections. Dividing of
currently used single injection (1.25 mg) of bevacizumab to multiple small doses can control VEGF-
induced vascular changes as well as one large injection.
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1. Introduction

Angiogenesis-associated eye diseases are among the most common worldwide causes of
blindness[1]. Age-related macular degeneration and proliferative diabetic retinopathy (PDR)
are the most prevalent in this group [2,3]. Increased VEGF levels in the vitreous of eyes with
diabetic retinopathy, retinal vascular occlusions, and subretinal neovascularization have
implicated VEGF as the major stimulus for intraocular neovascularization in these conditions
[4,5]. VEGF, as it is classically known, refers to VEGF-A, which binds to VEGF receptors
(VEGFR)-1 and -2; which, in turn, are primarily involved in angiogenesis [1,6,7]. VEGF-A,
in turn, has several isoforms, of which VEGFg5 is one of the most abundant [8]. VEGF g5
was used in our study to develop a retinal neovascular model in rabbits. Amrei et al have
demonstrated the effects of intravitreal bevacizumab on VEGF-induced retinal neovascular
model in rabbits [35]. Alikacem et al. have utilized this model to quantify retinal permeability
before and after neovascularization [47]. Bevacizumab is a recombinant humanized
monoclonal immunoglobulin G1 (IgG1) antibody. Bevacizumab is specific to human VEGF
and blocks all of its isoforms, including VEGF¢5 [8,9]. Recently, intravitreal bevacizumab
has been used extensively for the treatment of macular edema and neovascularization in
diseases such as diabetic retinopathy, age-related macular degeneration, retinal vein occlusion,
neovascular glaucoma, etc [10-20]. It can be administered through one or more intravitreal
injections monthly, or as required. However, long term control of chronic ocular pathologies
such as age-related macular degeneration and diabetic retinopathy requires multiple injections
at different time [21,22]. It is inconvenient for patients to get an intravitreal injection every
few weeks. Potential local side effects such as endophthalmitis, intravitreal hemorrhage, retinal
detachment, and cataract present a challenge for the management of such patients [23-25].
Additionally, potential systemic adverse effects are a significant concern, as anti-VEGF drugs
can enter into circulation after intravitreal injection. This can cause hypertension, non-ocular
hemorrhage such as life-threatening hemorrhagic stroke [26,27], increased cardiovascular
events, proteinuria, impairment of wound healing and impairment of collateral vessels, which
is particularly worrying in ischemic vasculopathies such as in diabetic patients. It can also
inhibit skeletal muscle regeneration and growth of bone [28]. It is our hypothesis and that of
others that ocular pathologies can be better controlled by giving frequent smaller doses of
bevacizumab administered based on the prevalent clinical condition in the eye [29]. We believe
this will lead to fewer cumulative adverse effects of long-term treatment. Our group has
developed an ocular drug delivery device that will allow frequent administration of small doses
into the eye [30]. Frequent dosing can potentially circumvent the challenges mentioned above
and can maintain the efficacy of bevacizumab therapy, while reducing the potential
complications associated with repeated intravitreal injections. To determine whether small
frequent doses have the same effect as a single large injection, we designed our study to mimic
a model for intravitreal dispensation of bevacizumab through a drug delivery device. Using
this retinal neovascular model in rabbits, we compared the effects of multiple, small, divided
doses of intravitreal bevacizumab with the effects of a single large injection.
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2. Material and Methods

2.1 Animals

All animal experiments were conducted in accordance with the principles of laboratory animal
care (NIH publication No. 85-23, revised1985), the OPRR public health service policy on the
human care and use of laboratory animals (revised 1986), the U.S animal welfare actand ARVO
statement for the use of animals in ophthalmic and vision research and were approved by the
Institutional animal care and use committee (IACUC) of the University of Southern California.
Twelve pigmented rabbits, weighing between 2 and 3 kg, assigned to four groups (3 rabbits
per group). Only the right eye of each animal was used. All animals received 10 ug of
intravitreal VEGF injection diluted in 0.1 ml of balanced salt solution (BSS) (recombinant
human VEGF165; Sigma-Aldrich, St. Louis, MO) on the first day of the study. Group A
received six injections of bevacizumab (Avastin; Genentech Inc, San Francisco, CA). The first
bevacizumab injection was 0.5 mg diluted in 0.1 ml of BSS (loading dose). The rationale for
the first loading dose was to saturate all of the VEGF sites to ensure that subsequent lower
dosages could be used to inhibit the presence of VEGF competitively. The five remaining
injections (0.15 mg in the same volume) were administered one every third day after the first
injection. Every third day was the least time interval allowed by Institutional Animal Care and
Use Committee (IACUC) to perform intravitreal injection. The total amount of bevacizumab
given via multiple injections in group A is equal to one single injection in group B. Group B
received a single intravitreal injection of bevacizumab 3 days after the first injection of VEGF.
The amount of bevacizumab injected was 1.25 mg in 0.1 ml. Group C received a single
intravitreal injection of 1.25 mg bevacizumab in 0.1 ml 3 days after the first injection of VEGF
followed by five injections of sham, one every third day (0.1 ml of BSS), to control for any
effects secondary to the mechanical injury and inflammatory reaction from frequent intravitreal
injections. Since any intraocular intervention such as an injection can potentially induce an
inflammatory reaction with release of inflammatory mediators and vascular permeability
factors such as TNF, IL and VEGF [31,32], we injected the same number of shams in Group
C (5 sham injections after the single injection of bevacizumab similar to 5 injections of low
dose bevacizumab after injection of the loading dose in group A) as a control to demonstrate
whether the inflammatory response or the volume and consistency changes in vitreous after
frequent injections [33], could cause further vascular and retinal thickness changes. Group D
received only intravitreal VEGF on the first day of study and was used as a control. The follow-
up period was 26 days for all four groups.

2.2 Intravitreal injections

The rabbits were initially anesthetized with a subcutaneous injection of a mixture of ketamine
hydrochloride (25 mg/kg) (Fort Dodge Animal Health, Fort Dodge, 1A) and xylazine
hydrochloride (6mg/kg) (IVX Animal Health, Inc., St. Joseph, MO). The pupils were dilated
with a topical application of phenylephrine hydrochloride 2.5% (Akorn, Inc., Buffalo Grove,
IL) and tropicamide 0.5% (Akorn, Inc) eye drops. The intravitreal injection was given
according to the established method, taking all aseptic precautions [34]. Intravitreal injections
were performed after instillation of 1-2 drops of 5% povidine iodine (Butler Animal Health
Supply, Dublin, OH) in the conjunctival cul-de-sac. Topical tetracaine (Bausch & Lomb Inc,
Tampa, FL) was applied for additional topical anesthesia. A lid speculum was used to keep the
eyelids open, and the procedure was performed under direct visualization using a Zeiss
operating microscope (Carl Zeiss Surgical Inc., Thornewood, NY) and a corneal contact lens.
A 30-gauge needle attached to a 1 ml syringe was introduced transconjunctivally into the
vitreous cavity in the superior temporal quadrant, 1.5 mm behind the limbus. At the end of the
procedure, topical antibiotic ointment (Neo-Poly-Bac; Bausch & Lomb) was instilled in the
fornix.
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2.3 Follow-up examinations

Examinations included evaluation of the anterior segment by slit-lamp biomicroscopy, indirect
ophthalmoscopy, color fundus photography, fluorescein angiography (FA) and optical
coherence tomography (OCT). Before each follow-up examination, the rabbits were
anesthetized and their pupils were dilated as described above. Baseline examinations were
performed before the first intravitreal injection, and follow-up examinations were performed
at days 3, 6, 12, 18, and 26 after the first injection of VEGF.

2.4 Color Fundus Photography and Fluorescein Angiography

A digital fundus camera system (Model FF450IR; Carl Zeiss, Jena, Germany) was used for
both color photography and fluorescein angiography. Sequential fundus photographs were
taken immediately after fluorescein injection [35]. Late photographs were taken at 3 and 5
minutes.

2.5 Optical Coherence Tomography

Using an OCT system (Stratus system; Ver.4.0 software; Carl Zeiss Meditec, Inc., Dublin,
CA), 5 mm radial line scans were taken. Retinal thickness was measured at three different
points in the medullary wings and below the optic disc; measurements were taken at the inferior
and temporal margins of the optic disc and two other points, which were located 100 um apart
temporally or inferiorly, respectively (Fig. 1). The mean retinal thicknesses were calculated in
each of these points, along with the total retinal thickness. The changes of mean retinal
thickness in each area were compared to its counterpart respectively in each group.

2.6 Histopathology

3 Results

At the end of the last follow-up examination in each group, the rabbits were euthanized by
intracardiac injection of 2 ml of pentobarbital (Beuthanasia-D; Schering Plough Animal
Health, Omaha, NE). The eyes were enucleated and immersed in Davidson's fixative solution
for 16 to 24 hours and then dehydrated in a series of graded alcohol solutions over the next 24
to 48 hours before paraffin embedding [36]. Sections 5 um thick were obtained with a
microtome, stained with hematoxylin and eosin and examined by light microscopy.

Examination by slit-lamp biomicroscopy and funduscopy did not demonstrate any increased
inflammation between the groups regardless of the number of intravitreal injections or the dose
of bevacizumab.

The rabbits were followed on days 3, 6, 12, 18, and 26 after the first injection of VEGF. Color
fundus photographs and fluorescein angiographs from all groups were evaluated by two
masked retina specialists. Intravitreal injection of VEGF resulted in disc hyperemia, vascular
dilatation, tortuosity, and fluorescein leakage at the optic disc and medullary wings at day 3 in
all groups (Figs. 2, 3).

In group A and B, disc hyperemia, vascular dilatation, tortuosity and fluorescein leakage
decreased significantly through the first 3 days after the first loading dose or a single injection
of bevacizumab, respectively (Figs. 2, 3). Later, vascular dilatation and tortuosity decreased
gradually in both groups. In group C, the extra sham injections did not cause any further changes
in disc hyperemia, vascular dilation, tortuosity and fluorescein leakage. VVascular dilatation and
tortuosity were noted to decrease comparably in all three groups (A, B & C) after bevacizumab
injection. In group D, disc vascular changes decreased more gradually than in other groups
(Figs. 2, 3). There is a considerable difference between dilatation and tortuosity of vessels in
this group in comparison to other groups at day 6 in the early, middle and late phases of
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fluorescein angiography and color fundus photography (Figs. 2, 4). The animals in this group
continued to show vascular dilatation and tortuosity until the last day of study (Figs. 2, 3).

Retinal thickness was measured at three points in the temporal medullary wings and below the
optic disc to evaluate retinal edema and retinal thickness changes in areas with different
vascular densities. The mean retinal thickness was calculated in each area and compared in the
different groups using an independent sample t-test and analysis of variance (ANOVA). There
were no statistically significant differences between the mean retinal thickness changes in
groups A and B at the medullary wings and below the optic disc, respectively (p =0.46; p =0.56)
during the follow-up period. In other words, both groups had a similar mean retinal thickness
increase at day 3 after VEGF injection and a similar decrease in retinal edema and mean retinal
thicknesses in both areas on the days following the single or multiple injections of bevacizumab

(Fig. 5).

The mean retinal thicknesses in groups B and C did not have statistically significant differences
on days 3, 6, 12, 18, and 26 after VEGF injection in both medullary wings and below the optic
disc, respectively (p =0.44;p =0.34). These findings demonstrate that extra sham injections did
not cause significant breakthrough in the blood retinal barrier and inflammatory reactions that
cause retinal edema. In group D, retinal thickness increased during the first week after VEGF
injections in both areas, before gradually decreasing until the end of the study period (Fig. 6).

The differences in retinal thickness between group D and the other groups were statistically
significant on day 6 in both areas (medullary and inferior part; p = 0.0003) and in the medullary
wingsonday 12 (p =0.03) (Fig. 6). After day 12, the retinal thickness did not differ significantly
in the three groups (A, B & C). In group D, retinal thicknesses decreased slowly in both areas
after day 12.

Cross sections of the medullary wings near the optic disc in the histology slides were evaluated
by a masked pathologist. Groups A, B, and C had few vessels in cross sections in comparison
with group D as control, which had more crowded vessels (Fig. 7).

4. Discussion

The same pattern of vascular changes and no significant statistical difference in retinal
thicknesses in groups A and B demonstrated that frequent smaller doses of bevacizumab can
control VEGF-induced vascular changes as well as the currently utilized model of single
monthly large injections. Vascular changes and retinal thickness in both single and multiple
injection groups (A & B) decreased significantly within 3 days of the first loading dose or a
single large injection of bevacizumab, respectively, and continued to decrease gradually
thereafter. These findings are supported by the findings in another study in the primate eye,
which demonstrated the most significant reduction of choriocapillaris endothelial cell
fenestrations on day 4 after 1.25 mg injection of bevacizumab [37]. Fenestrations increased
again from days 7 to 14 but were still significantly lower than in the control. In groups B and
C, retinal thickness decreased considerably during the first 3 days after bevacizumab injection
(days 3 to 6) followed by gradual reduction until the study period. This can be described by
monoexponential decline of intravitreal bevacizumab with a half life of 4.32 days in rabbits
and following concentrations of >10 pug/ml of bevacizumab in the vitreous humor for 30 days
[38]. Intravitreal bevacizumab has shorter half life in rabbits compared to human (4.32 vs. 6.7
days). The vitreous volume in animal models such as rabbits and monkeys is about 1.5 ml. The
difference here is not significant since the intravitreal volumes in rabbits and human is
approximately one third. Smaller vitreous volume may imply a higher concentration of
bevacizumab with shorter time interval required for distribution and elimination, which can
explain the differences in the estimated pharmacokinetic parameters [38-40]. The molecular
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concentration of the drugs can be determined by Molar Concentration (uM) = drug dosage
(gram/liter)/Volume (liter) x Molecular weight (Dalton).

Zhu et al. measured free VEGF-A levels in the vitreous of neovascular AMD patients, which
ranged from 0.2 to 33.9 pg/ml, and showed a negative correlation with the bevacizumab
concentration. This confirmed the in vivo binding affinity of Bevacizumab to VEGF-A [40].
Since it is not known how much of the injected bevacizumab could bind to VEGF and its
clearance is faster in rabbits, we applied high loading dose of Bevacizumab (0.5 mg ~ 3.35
uM) in group A to ensure providing excessive molar concentration (molar concentration of
Bevacizumab is 3.35 pM vs. 2.6 uM in VEGF) to saturate all VEGF sites (10ug ~ 2.6 uM).
Later on, the subsequent lower dose of Bevacizumab (0.15 mg ~ 1.00 uM) was injected every
third day to inhibit the presence of VEGF competitively (competitive inhibition).

Bevacizumab has been administered intravitreally in VEGF-mediated diseases such as
choroidal neovascularization, central retinal vein occlusion, and PDR, with encouraging results
[10-20]. With the increasing use of bevacizumab for VEGF-mediated retinal diseases in
patients, its tissue distribution and clearance have been demonstrated after 1.25 mg intravitreal
injection in a rabbit model [38]. Several safety studies have reported the lack of toxicity of
intravitreal bevacizumab in rabbits [41-44]. Although previous studies demonstrated normal
retinal function and structure after bevacizumab injection by electrophysiology and light
microscopy, respectively, some toxicity effects were detected by electron microscopy,
specially in doses of 1.25 mg and higher [45,46]. This suspicion of toxicity in higher doses
does not contradict our hypothesis and rationale of the study, as we intend to dispense very
small daily doses of bevacizumab through our drug delivery device. Several investigators have
created retinal neovascularization in rabbits using sustained-release pellets loaded with VEGF,
with or without basic fibroblast growth factor (bFGF) [47-49]. In our study, we used a single
intravitreal injection of VEGF to generate our retinal neovascular model. The VEGF dose of
10 nug was chosen because it was consistent with a study showing that 10 ug VEGF causes
neovascular membrane in rabbits at week one [35]. Some investigators have speculated that
the leakage persisted and a well-developed neovascular membrane was visible on color fundus
photography and fluorescein angiography 1 week after VEGF injection in rabbits. There was
no leakage or neovascular membrane in this group at week 2 [35]. Based on this study we tried
to inject the multiple doses of bevacizumab in almost 2 weeks, although we knew that a single
injection of VEGF may not be an ideal model in our study. Since it is not possible to mimic
the amount of VEGF that is produced in the disease model, the use of intermittent dosing is
adequate because there is no continuous production of VEGF. The proof of concept was to
evaluate whether lower doses spread over the same period can have the similar effect. The
intermittent dosing used to mimic continuous infusion model since the dosing frequency is
shorter than the half life.

In group D, disc hyperemia, vascular dilatation, tortuosity and retinal edema increased during
the first week after the VEGF injection. This can explain the statistically significant differences
in retinal thicknesses between group D and the other groups in both areas on day 6 (medullary
and inferior part; p = 0.0003). After the first week, vascular changes decreased gradually;
however, the difference in retinal thickness remained statistically significant between group D
and other groups in medullary wings until day 12. In the other groups, injection of bevacizumab
on day 3 (loading or large dose in group A or (B&C) respectively), and additional small doses
in group A explained the statistically significant differences of retinal thicknesses in the
medullary wing between the control group (group D) and other groups through the second
week (day 12). fThe differences of retinal thicknesses between group D and other groups were
insignificant after day 12 because of the gradual regression of the neovascular membrane and
decrease of retinal edema in group D in comparison with other groups with almost the same
retinal thicknesses after day 12.
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Bevacizumab has been found in small amounts in the fellow uninjected eye (0.35 ng/ml at 1
day to 11.17 ng/ml at 4 weeks) after 1.25 mg intravitreal injection in one eye [38]. Several
patients with PDR underwent intravitreal injections of lower doses of bevacizumab (6.2, 12.5,
62, 125, 625 pg) after it was reported that some patients with bilateral PDR experienced
regression of neovascularization in both eyes when injected with 1.25 mg of bevacizumab in
only one eye [29]. Biologic effects were noted at all doses, but the durability of the effect was
unknown. In our study, we were not only establishing that intermittent dosing is as efficacious
as single dosing, but also support their findings as a smaller dose of bevacizumab (0.5mg) was
effective in reducing VEGF-induced vascular changes as well as a large single injection (1.25
mg) for a short time after injection. However, it appears that additional smaller doses would
be required over time for continued effectiveness on the retinal vasculature. Further studies
with various small doses in a larger group and over a longer period of follow-up are required
to find out the possible lowest continuous dose with comparable results and duration of effect
as single injection.

Since the actual required dose of bevacizumab in some patients could be less than the current
dosage (1.25 mg) [29], the use of frequent smaller doses can help us to start with initial smaller
dose at the first time and continue only in those cases, who require more treatment with the
same or different doses. This can also, prevent from unnecessary amount of bevacizumab that
would increase systemic and cumulative adverse side effects in long term therapy [25].

Small daily doses can be dispensed through a drug delivery device that our group has developed
[30]. It provides a potential model for the release of small daily doses of bevacizumab into the
vitreous to control chronic VEGF-induced vascular changes over time. Delivery of small daily
doses through a drug delivery device will increase patient comfort. It promises controlled and
constant drug availability with fewer potential complications of intravitreal injections such as
intraocular pressure elevation, cataract formation, retinal detachment, vitreous hemorrhage,
and endophthalmitis [23-25].

In conclusion, despite the shortcomings of this study (small number of animals in each group;
angiogenesis model with only a single injection of VEGF; use of 0.5 mg of bevacizumab as
minimum loading dose which may far exceed the actual required dose; absence of analysis of
vitreous for measurement of free VEGF or Bevacizumab, and limited follow-up) the study
outcome demonstrates that dividing of current utilized single injection (1.25 mg) of
bevacizumab to multiple smaller doses has the same effect in a VEGF-induced neovascular
model asasingle large injection. Thus, itis probable that a novel, refillable drug delivery device
could provide a way to dispense small daily doses of bevacizumab into the vitreous to control
VEGF-induced pathologies with fewer potential side effects. Such a drug delivery device
would allow for long-term treatment of chronic, VEGF-induced ocular disease without the
burden of repeated intravitreal injections. Frequent (or even daily) dispensation of
bevacizumab may offer many advantages over existing delivery methods, such as an increase
in drug bioavailability, constant and sustained drug release, achievement of elevated local
concentrations of drugs, less ocular and cumulative systemic side effects, and reduced
frequency of intraocular injections. These advantages can increase the comfort level,
acceptance, and compliance in patients and reduce the complications associated with
intraocular injections. Furthermore, on a purely economic sense, decreasing the frequency and
dose of injection will likely reduce the total cost for treatment to each patient. Further studies
with different small doses in larger groups with a longer follow-up are required to study the
chronic effect.
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Fig. 1.

Color fundus photograph and ocular coherence tomography (OCT) of a representative rabbit.
(A) Different locations at which retinal thickness was measured by OCT. Note 3 white spots
in the temporal medullary wing and below the optic disc, which are located 100 um apart. (B)
Sample retinal thickness measurement below the optic disc by OCT in a representative rabbit.
The scan is along a vertical line at the middle inferior edge of the optic disc.
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Fig. 2.

Color fundus images in groups A to D. Images in each column show changes in fundus
appearance of a representative rabbit in each group over time. All groups received VEGF
injection on day 0. A: multiple small bevacizumab injections from day 3 to day 18 (one every
third day). B: single bevacizumab injection on day 3. C: single bevacizumab injection on day
3 and five sham injections from day 6 to day 18 (one every third day). D: only VEGF injection
on day 0. Arrows show marked vascular dilatation and tortuosity at day 6 in group D versus
other groups. These rabbits continued to show vascular dilatation and tortuosity until the last
day of study.
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Fig. 3.
Fluorescein angiography (FA) images in groups A to D. Each column shows changes in FA
of a representative rabbit in each group over time. All groups received VEGF injection on day
0. A: multiple small bevacizumab injections from day 3 to day 18 (one every third day). B:
single bevacizumab injection on day 3. C: single bevacizumab injection on day 3 and five sham
injections from day 6 to day 18 (one every third day). D: only VEGF injection on day 0.
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Day 6

Fig. 4.

Fluorescein angiogram in groups A to D at day 6. Each column shows changes in early, middle
and late FA of a representative rabbit in each group on day 6. Arrows show marked vascular
dilatation and tortuosity at day 6 in group D versus other groups.
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Fig. 5.

Comparison of retinal thickness changes between single-dose and multi-dose bevacizumab
groups (A & B). (A) Medullary wing area. (B) Inferior (below to optic disc) area. (C) Total
retina (A+B).
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Comparison of retinal thickness changes between group D (VEGF only injection) and other
groups. (A) Medullary wing area. (B) Inferior (below to optic disc) area. (C)Total retina (A

+B).
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Fig. 7.

Hematoxylin and eosin (magnification 10x) staining of cross sections of the medullary wings
near the optic disc, comparing all four groups. Arrows show more crowded vessels in group
D in comparison with other groups.
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