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ABSTRACT

Purpose: Intravitreal vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)
produced florid retinal neovascularization and hemorrhage in the rabbit. This study seeks to determine
whether sustained subchoroidal release of both VEGF and bFGF can induce robust choroidal neovascu-
larization (CNV) in the rabbit.

Methods: Subchoroidal implantation through the sclera of polymeric pellets containing both 15 pg VEGF
and 15 pg bFGF was performed on adult pigmented male Dutch belted rabbits (N = 6) and NZW albinos
(N = 8). As negative controls, blank pellets with no growth factors were implanted in both Dutch belted
rabbits (N = 6) and NZW albino rabbits (N = 4). Development of CNV was documented weekly over a 4-
week period with indirect ophthalmoscopy, color fundus photography, and fluorescein angiography.
Eyes were enucleated and prepared for histologic and immunohistochemical analyses at the end of the
study. Amounts of VEGF and bFGF that were released in vitro from the pellets were measured by ELISA.
Results: In all eyes with subchoroidal implants containing both VEGF and bFGF, strong fluorescein
leakage was observed at 2, 3, and 4 weeks (P < 0.005); no leakage was seen initially in week 1.
Negative control groups with blank implants showed no fluorescein leakage throughout the 4-week
study period. Histologic analysis confirmed the presence of experimental CNV. New subretinal blood
vessel growth occurred in all eyes with VEGF/bFGF implants. Negative control eyes with blank implants
showed no vascular changes. In vitro sustained release of both VEGF and bFGF was confirmed by ELISA.
Conclusion: Sustained subchoroidal release of both VEGF and bFGF produced experimental CNV rapidly
in the rabbit. Understanding how these growth factors induce CNV may suggest novel therapeutic
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strategies in the large rabbit eye.

Introduction

Age-related macular degeneration (AMD) is the leading cause
of acquired blindness and vision impairment among elderly
Americans." Up to 17 million elderly Americans have at least
the early signs of this debilitating disease, which increases
with age and affects one in six Americans between the age
of 55 and 64 years." Approximately 90% of patients with
AMD possess the non-neovascular dry form that is character-
ized by atrophy of the retinal pigment epithelium (RPE) and
subsequent loss of macular photoreceptors.”> The wet, exu-
dative neovascular form of AMD affects approximately 10% of
those with this chronic disease and leads to severe visual
loss.>® The hallmark of neovascular wet AMD is choroidal
neovascularization (CNV) with its abnormal growth of new
blood vessels.”™

To study the pathogenesis of neovascular AMD and test ther-
apeutic treatments, a pre-clinical model of CNV needs to be
developed in a large animal eye that is similar in size to the
human eye. Laser-induced CNV has been produced in rodents,
pigs, and monkeys.”” Attempts to replicate laser-generated
experimental CNV in the rabbit have been unsuccessful.'>"" Our

earlier studies showed that sustained intravitreal release of vascular
endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) in the pigmented Dutch belted rabbit initiated florid
retinal NV with subsequent hemorrhage and retinal detachment.-
'2 Our previous studies also demonstrated that neither sustained
release of VEGF nor bFGF alone produced retinal NV in the
Dutch belted rabbit.'>'* Both VEGF and bFGF have been detected
in the vitreous of patients with proliferative diabetic retinopathy
and in epiretinal and choroidal neovascular membranes.'*'®
Therefore, the goal of this study is to assess whether sustained-
release of both VEGF and bFGF within the subchoroidal space in
both NZW albino and Dutch belted rabbits can induce
robust CNV.

Materials and methods
Subchoroidal implantation of sustained-release pellets

All procedures were conducted in accordance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research and the US Department of Agriculture Animal
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Welfare Act as well as conditions specified in the Guide for
the Care and Use of Laboratory Animals. The protocol was
approved by the facility institutional animal care and use
committees (North American Science Associates, Inc.,
Irvine, CA, USA).

Adult male rabbits weighing between 2.0 and 3.0 kg were
anesthetized with 35 mg/kg intramuscular injection of keta-
mine (Phoenix Pharmaceuticals, Inc., St. Joseph, MO, USA)
and 5 mg/kg xylazine (Lloyd Laboratories, Shenandoah, IA,
USA). Pupils were dilated with topical 2.5% phenylephrine
(Alcon, Fort Worth, TX, USA) and 1% tropicamide (Bausch &
Lomb, Tampa, FL, USA). A total of 24 animals were utilized
in this study.

Sterile preparations of both human recombinant VEFG
165 and recombinant bFGF (PeproTech, Rocky Hill, NJ,
USA) were incorporated into a Hydron polymer (Hydromed
Sciences, Cranbury, NJ, USA) following specifications of the
manufacturer. Also, phosphate-buffered solution (PBS) was
incorporated into the Hydron polymer to produce blank pel-
lets that acted as negative blank controls. Specifically, 15 pg of
human recombinant VEGF and 15 pg of recombinant bFGF
(PeproTech) were incorporated into each implant per manu-
facturer’s instructions. Under a Zeiss operating microscope, a
temporal conjunctival peritomy involving 3 clock hours was
performed using Westcott scissors and micro-forceps. After a
marker was used to measure a distance 2.5 mm posterior to
the corneal limbus, a curvilinear incision was created with a
Number 15 Bard-Parker blade extending from the 9:30 posi-
tion with care to avoid the ciliary vasculature. A 4 mm full
thickness scleral incision was performed that avoided the
choroid."”?>*! The scleral incision was created until the
underlying choroidal tissue was evident. A blunt cyclodialysis
spatula was used to create a small subchoroidal pocket
between the choroid and sclera for placement of the non-
biodegradable Hydron pellet. The pellet was held with a non-
toothed forceps and guided as posteriorly as possible between
the 9 o’clock and 10 o’clock position to rest in the subchor-
oidal space. The scleral incision was closed with an inter-
rupted 7-0 vicryl suture. The overlying conjunctival
peritomy was re-approximated and closed with 7-0 vicryl
sutures. Indirect ophthalmoscopy was performed to confirm
proper placement of the pellet and confirm the lack of com-
plications. Povidone iodine, a topical antibiotic ointment that
is used for asepsis, was placed on the rabbit eye. After the 10-
minute procedure, each rabbit was transferred to a recupera-
tion room for recovery from the surgical operation and
anesthesia. A total of 24 animals were utilized in this study.
Fourteen animals (N = 6 for Dutch belted and N = 8 for NZW
albinos) were implanted with the VEGF/bFGF pellet. Ten
animals acting as negative controls (N = 6 for pigmented
Dutch belted and N = 4 for NZW albino rabbits) were
implanted with blank pellets that contained no growth factors.
Contralateral eyes were not used in any animal. Animals were
examined by indirect ophthalmoscopy before and immedi-
ately after surgery, 48 hours, 4 days, and weekly over a 28-
day period. Finally, all animals were euthanized at the end of
the study with an intravenous injection of sodium pentobar-
bital veterinary solution (JA Webster, Inc., Sterling, MA,
USA). Right eyes from all animals were enucleated for

histological analysis. Contralateral eyes were not utilized
since right eyes with blank implants were used as negative
controls.

Color fundus photography and fluorescein angiography

Color fundus photography and fluorescein angiography (FA)
were performed pre-operatively and on a weekly basis after
subchoroidal pellet implantation for four consecutive weeks
with a TOPCON retinal digital camera system (Topcon
Medical Systems, Oakland, NJ, USA). Fluorescein sodium
(10% solution) was administered intravenously through the
right ear vein of the anesthetized rabbit. Photographs were
taken during a 30-second period for up to 10 minutes. Digital
photographic files were stored in the TOPCON ImageNET
software program. The digitized photographs were evaluated
independently by two observers in a masked fashion.
Evaluations were performed visually. There was 100% agree-
ment between the two observers who did not perform the
surgical implants.

Fls (FAs) of the rabbit CNV were graded on a scale from 0,
1, 2, and 3. Grade 0 - no leakage at early and late fluorescein
angiographic phases; Grade 1 — mild leakage at both early and
late fluorescein angiographic phases with a mild degree of
fluorescence without uniform fluorescence in the late frames;
Grade 2 - moderate leakage at early and late fluorescein
angiographic phases with a moderate degree of fluorescence,
which covers 50% or more of the lesion in the late frames;
Grade 3 - marked leakage at both early and late fluorescein
angiographic phases with severe degree of fluorescence that is
characterized by significant leakage in the early phases, which
persist throughout the transit and late frames. Statistical ana-
lysis for the severity of fluorescein leakage over time on a scale
of 0-3 was performed utilizing the Kruskal-Wallis non-para-
metric test.

Histology

For histological analysis, the implanted right eyes were enu-
cleated, corneas were removed, and the whole eyes were
immersion-fixed in 10% phosphate-buffered formalin for a
minimum of 24 hours. The eyes then were rinsed in phos-
phate buffer; both the iris and lens were excised. The posterior
segments of the eyes were excised from the anterior segments.
Next, a complete para-sagittal cut was made 90° to the hor-
izontal plane and medial to the implant with the optic disk as
a reference. FAs were used to orient the cutting position close
to the site of the implant. Eyes then were processed for
paraffin embedding by dehydration in progressively higher
concentrations of ethanol-water, cleared with Histoclear
(National Diagnostics, Manville, NJ, USA), and infiltrated
with paraffin in a Fisher Model 166 MP tissue processor.
After the samples were embedded in paraffin, the tissue mar-
gins were oriented carefully so that the pellet implantation site
was flush with the face of the paraffin tissue block. Then 4 um
serial cross-sections were cut on a paraffin retracting micro-
tome. The sections were placed on albumin-coated glass
slides, de-paraftinized with Histoclear, stained with hematox-
ylin and eosin (H&E), and cover-slipped. Once the beginning



of the implant site was determined, that slide was labeled as 1
in the subsequent sequences of tissue sections. Generally, the
first slide and every tenth slide were stained with H&E for
histological evaluations. Serial sections of 10 slides were
examined.

Immunohistochemistry

Microscopic slides with tissue sections were de-paraffinized and
then hydrated in distilled water. The standard antigen retrieval
procedure was performed. Slides were placed in a commercially
available buffer at pH 9.5 and heated in a self-contained steamer
with a microwave oven. After a cooling period, the slides were
washed, blocked for endogenous peroxidase, and subsequently
labeled with a mouse monoclonal antibody directed against type
IV collagen (mouse monoclonal anti-human collagen IV; clone
CIV 22; Dako Cytomation, Inc., Carpinteria, CA, USA). Using
an indirect method, slides subsequently were treated with bio-
tinylated-horse-anti-mouse ~ antibody  (B-2000,  Vector
Laboratories, Burlingame, CA, USA), then developed by incu-
bation with the avidin-biotinylated complex (ABC kit
Vectastain PK-6100, Vector Laboratories), and finally followed
by reaction with diaminobenzidine (DAB) and hydrogen per-
oxide as the substrate-chromagen to produce a brownish black
stain (SK-4100, Vector Laboratories) for visualization. All slides
subsequently were counter-stained with hematoxylin (Fisher
CS401-D, Vector Laboratories), dehydrated, soaked in xylene,
and mounted with Permount (Fisher SP15-100, Vector
Laboratories). The appropriate samples were evaluated at the
light microscopic level after staining; and the histologic images
were acquired with an Olympus BHT2 photomicroscope that is
coupled to a Spot II digital camera (Diagnostic Instruments,
Inc,, Sterling Heights, MI, USA).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was utilized to
confirm amounts of VEGF and bFGF (PeproTech) that were
released over 7 days from the VEGF/bFGF implants under in
vitro conditions (human VEGF and bFGF Quantikine ELISA Kkits,
R&D Systems, Minneapolis, MN, USA). The stability of both
VEGF and bFGF was guaranteed for up to 1 week by the manu-
facturer when these lyophilized recombinant proteins were recon-
stituted as directed and then diluted further into phosphate-
buffered saline (PBS). Assays with serially diluted standards
were performed in triplicate and repeated on three independent
occasions in accordance with the manufacturer’s instructions. A
total of 18 VEGF/bFGF-containing implants were used. Means +
SEM were plotted on Microsoft EXCEL (Microsoft Corporation,
San Diego, CA, USA).

Results

All animals were documented as having healthy retinas by
indirect ophthalmoscopy, fundus photography, and FAs prior
to implantation of VEGF/bFGF-containing pellets. Retinal
detachments were not detected prior to the onset of experi-
mental CNV. At 48 hours, transitory localized inflammatory
response was seen visually by indirect ophthalmoscopy at the
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implantation site in all eyes, which receded by day 4. These
initial changes most likely were due to the implantation
procedures.

At the end of the 4-week period, subretinal hemorrhages,
exudates, and pigment dispersion with atrophy of the RPE
appeared in eyes with VEGF/bFGF-containing implants but
not in eyes with blank implants. In eyes with VEGF/bFGEF-
containing implants, color fundus photographs in the first
week demonstrated localized elevation at the site of the pellet
placement (Figure 1). The location was along the distal edge
of the optic streak either at the temporal raphe or immediately
superior to the myelinated optic streak. Fluorescein leakage
was not seen in week 1, while robust fluorescein leakage was
seen at week 2 and continued through both week 3 and week
4 (P < 0.005), as shown in Figure 1 for NZW albinos and
Figure 2 for pigmented Dutch belted rabbits. In the negative
control groups with blank implants, fluorescein leakage was
not seen during the 4-week study period as shown in Figure 3.
Additionally, both histologic assessment and immunohisto-
chemical analysis at the end of the 4-week study confirmed
the presence and localization of experimental CNV in eyes
with VEGF/bFGF-containing implants. Light micrographs at
28 days after implantation of VEGF/bFGF-containing pellets
are shown in Figure 4, left, which demonstrated experimental
CNV via red blood cell (RBC) observations. Experimental
CNV penetrated Bruch’s membrane with phagocytosis of
RBCs by the RPE from the basal side. Melanin granules of
the RPE cells were transferred from the basal to apical side
(Figure 4, right). Small spherical “pieces” of RBCs that are
endocytosed by the RPE cells appear to be located within the
cytoplasm of the RPE cells. Results with immunohistochem-
ical staining for type IV collagen showed that Bruch’s mem-
brane stained positively in animals with experimental CNV
and that the CNV occurred anterior to Bruch’s membrane
(Figure 5). Finally, in vitro ELISA studies showed the levels of
both VEGF and bFGF over a 7-day period (mean + SEM) as
described in Figure 6. VEGF levels peaked at day 5; and bFGF
levels appeared to peak by day 7.

Discussion

This study demonstrates that sustained release of both VEGF
and bFGF within the subchoroidal space produced experi-
mental CNV in both NZW albino and pigmented Dutch
belted rabbits. These animals developed severe fluorescein
leakage and histological alterations that were consistent with
CNV. In vitro ELISA studies confirmed the sustained release
of both VEGF and bFGF over a 7-day period. Approximately
95% of the animals developed experimental CNV.
Neovascularization typically occurred after 7 days postopera-
tively when the effects of surgical trauma waned. Subchoroidal
release of both angiogenic factors VEGF and bFGF provided
the necessary induction of abnormal blood vessel growth that
lead to experimental CNV. The time course and robustness
were similar between NZW albinos and Dutch belted rabbits.
Lack of pigmentation in the albino rabbit allowed for obser-
vation of both the choroidal vasculature and its patterns
during the time course of experimental CNV. FA analysis
confirmed significant vascular leakage that occurred after the
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Figure 1. In the NZW albino rabbit, color fundus photographs showed results of subchoroidal implantation of the VEGF/bFGF pellet. Early, mid-, and late phases of
the FAs are shown from left to right. FAs at weeks 1, 2, 3, and 4 demonstrated the progression of experimental CNV with no fluorescein leakage detected in week 1.
At week 1, experimental CNV was graded at Grade 0. At week 2, experimental CNV was graded at Grade 2. At both weeks 3 and 4, the maximum Grade 3 occurred for
all animals.

Figure 2. Color fundus photographs displayed the VEGF/bFGF-containing implant in the subchoroidal space of the pigmented Dutch belt rabbit. FAs at week 1
displayed no fluorescein leakage. At weeks 2, 3, and 4, fluorescein leakage (early, mid-, and late phases) can be seen (left to right) with Grade 3 for these time points.

first week and became greater in the following weeks. In addition, both histologic and immunohistochemical
Presumably, both VEGF and bFGF within the implanted analysis at the light microscopic level confirmed experimental
pellets were depleted within the 4-week study period. In CNV. Interestingly, changes in the RPE during experimental
vitro ELISA studies confirmed the sustained release of both CNYV included melanin re-distribution from the basal to the
VEGF and bFGF from the implants. apical side and potentially may indicate a mechanism by the
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Figure 3. (Left) FAs of a negative control Dutch belt rabbit demonstrate that the blank implant at weeks 1, 2, 3, and 4 showed no leakage during the 4-week study
period (left to right: early, mid-, and late phases). (Right) Negative control NZW albinos also displayed no leakage during the 4-week study period.

Figure 4. (Left and Right) In a pigmented Dutch belted rabbit, experimental CNV penetrated Bruchs membrane with phagocytosis of red blood cells (RBCs) by the
RPE from the basal side. Most RPE cells have become distended from engulfing numerous RBCs, which are located within the cytoplasm of the RPE cells. Melanin
granules of the RPE cells have been transferred from the basal to the apical side (50x).

In Vitro Release of VEGF & bFGF

200 -
OVEGH
W bFGF L

* 3

4hhs 1day 3days 5S5days 7days

Time

Figure 6. ELISA was used to determine the amounts of VEGF and bFGF that were
released from the Hydron implant under in vitro conditions (N = 18). VEGF levels
peaked at day 5 and bFGF levels peaked at day 7 (mean + SEM).

RPE to diminish chronic oxidative stress. Type IV collagen
immunostaining was demonstrated in the rabbit Bruch’s
membrane after development of CNV. In aged eyes, 2CD-31
Figure 5. Immunohistochemical staining for type IV collagen showed the pre-  jmmunostaining, which demonstrates the presence of

sence of both abnormal dilated blood vessels and experimental CNV anterior to endothelial cells, also showed strong positive staining in this
Bruch’s membrane (50x).
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experimental rabbit CNV model (results not shown). Further
studies will define how such early changes at the RPE/Bruch’s
membrane interface may relate to the early initiation of CNV.

Moreover, our earlier studies demonstrated that eyes with
bFGF-containing pellets in the vitreous displayed no retinal
vascular changes while eyes with high levels of VEGF-contain-
ing pellets showed mild vascular changes.'* Since b-FGF con-
tributes to angiogenesis by inducing VEGF expression in
endothelial cells of forming capillaries,” combination of
both VEGF and bFGF in these implants provided the neces-
sary induction of CNV in the rabbit eye. Other experimental
CNV models have been described in rabbits.**>* However,
neither bFGF nor VEGF in subretinal injections through the
vitreous produced a reliable CNV model in the rabbit; and
one study showed that Matrigel alone induced CNV.** Also,
our experimental rabbit CNV model compared favorably with
the laser-induced cynomolgus monkey CNV model in
another study.”’

In conclusion, pathological changes leading to neovascular
AMD occur within the choriocapillaris, Bruch’s membrane,
and the RPE. Subchoroidal delivery of angiogenic growth
factors that successfully initiated experimental CNV more
likely resembles the clinical condition leading to neovascular
AMD. Currently, both barrier and permeability limitations
continue to thwart therapeutic interventions for chorioretinal
diseases. Research on subchoroidal delivery of potential ther-
apeutics with biocompatible implant materials is ongoing. Use
of subchoroidal micro-devices for delivery of therapeutics can
decrease dosing frequency in a potentially minimally invasive
procedure and may reduce side effects. Initial pathologic
changes within Bruch’s membrane and the RPE may be
initiated by chronic oxidative stress’* and inflammatory pro-
cesses that subsequently lead to CNV.?*?® Such early changes
can be studied in this experimental rabbit CNV model and
may yield early clues on the pathogenesis of CNV. Ultimately,
understanding the intricate molecular interplay of various
angiogenic and anti-angiogenic factors and their respective
receptors will provide further understanding on the develop-
ment of new abnormal vascular beds beneath the retina. Such
studies presumably will lead to the design of novel therapeu-
tics for treatment of retinal-related neovascular diseases.
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