
















concentration in the vitreous (67±12 pg/ml and 40±10 pg/ml,
respectively) two and four weeks after the gene transfer.
Fluorescence angiography in scanning laser
ophthalmoscopy: After transduction with HC Ad.FK7, RPE
cells expressed green fluorescent protein (Figure 2A). FA
(Figure 2B) or ICG (Figure 2C) did not show blood vessel
leakage or abnormalities in any of the four eyes (Table 1). The
same was true for the areas in which PBS had been injected
subretinally in both eyes (Table 1). No alterations were found
after ICG. After transduction with Ad. Empty (Figure 2D,E),
which is known to be toxic to the RPE [24], FA (Figure 2D)
and ICG (Figure 2E) showed the same image representing a
typical window effect. Two weeks (Figure 2F-I) and four
weeks (Figure 2J-M) after transduction with HC Ad.VEGF-
A, FA and ICG angiographies were similar. However, after
transduction with 5x106 iu HC Ad.VEGF-A, FA showed that
the areas of injection were hyperfluorescent in 15 out of 18
eyes. These hyperfluorescent areas were either spotty (Figure
2F,H,J,L) or laminary (not shown). Moreover, the
quantification of fluorescence intensity at the lesion site after
FA revealed that four weeks postinjection, the Δlight intensity was
on average six times higher in eyes that were injected with HC
Ad. VEGF-A compared to the eyes that were injected with
HC Ad.FK7 (Figure 3). Early ICG revealed irregularities
close to the deeper choroidal blood vessels (arrow in Figure
2G,K). Late ICG angiography (Figure 2I,M) stained the
environment of spotty roundish areas shown in (Figure 2H,L).
Within the interstitium around cellular proliferations as shown
in Figure 4.
Light microscopy of plastic sections: The following
observations were made in all nine eyes investigated at the
electron microscopic level and had been injected with
5x106 iu HC Ad.VEGF-A (Table 1). Below the transduced
RPE layer, the endothelial cells of the choriocapillaris were
irregular, and endothelial cells protruded into the vessel lumen
(Figure 4). Evidence for this is presented by electron
microscopy (see also Figure 5A-C). The RPE cell layer was
frequently disrupted, and endothelial cells migrated and
proliferated into the subretinal space or between Bruch’s
membrane and the RPE (Figure 4A, inset). Evidence that these
cells were endothelial cells was demonstrated by
immunohistochemistry (see Figure 6A). Cellular proliferation
within the subretinal space was either solid (white asterisk in
Figure 4A) or loosely packed with interstitial spaces (black
asterisk in Figure 4B). The nuclei of the photoreceptors were
mixed with the nuclei of the inner nuclear layer, and a retinal
scar was closely connected to the RPE and proliferating cells.
This was probably the reason why fluorescein leakage was
restricted to the spotty round areas seen in Figure 2D,F.
Immature capillaries containing erythrocytes were located
distally to the RPE (white arrow in Figure 4B) or in the
subretinal space (Figure 7, insert). The thickness of the
extracellular matrix and vessel layers of the choroid was three
to four times enlarged after transduction with VEGF vector

compared to the controls (double arrows in Figure 4A,B).
After injection of PBS (in two eyes) or 5x106 iu HC Ad. FK7
(in four eyes), the RPE, the choriocapillaris (arrowheads), and
deeper choroidal vessels (arrow), as well as the pigmented
layer consisting predominately of melanocytes, appeared
normal (Figure 4C,D).

Immunohistochemistry: After HC Ad.VEGF-A transduction,
staining of endothelial cells with tomato lectin showed that
most cells penetrating the disrupted RPE cell layer were of
endothelial origin. Proliferating endothelial cells surrounded
single RPE cells in the subretinal space (Figure 6A). After

Figure 7. Newly formed capillary in the subretinal space after
transduction with HC Ad.VEGF-A from the same eye as shown in
Figures 2J,K. The inset (left bottom) shows a semithin section with
a new capillary (black arrowhead) within the subretinal space and
erythrocytes originating probably from subretinal bleeding (white
arrowhead). The photoreceptors of the retina have degenerated and
were no longer visible. Electron microscopy revealed the same
capillary close to the level of the semithin section. The endothelium
was very thin, lacking extracellular matrix. However, it contained
vacuoles (asterisks). The endothelium did not contain any
fenestrations, and the lumen was free of erythrocytes (E). Note the
extremely frayed or fragmented nucleus of an endothelial cell
(arrow). The nucleus (N) of the endothelial cell that formed the vessel
tube appeared normal. The RPE formed two layers (bottom right).
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injection of PBS, only the veins of the retina or the vessels of
the choroid with a clear straight borderline to the RPE were
stained (not shown).

VEGF-A was highly expressed in transduced RPE cells
(Figure 6E). VEGF-A was also strongly expressed in areas
with retinal thickening and mixing of inner and outer nuclear
layers (Figure 6B). After injection of PBS in the retina, only
the inner segments of the photoreceptors and retinal or
choroidal vessels showed VEGF immunoreactivity, whereas
the RPE was not positive (not shown). bFGF was highly
expressed in the scarring retina, particularly in Mueller glial
cells and in cells of unknown origin at the interface between
retina and choroid. bFGF immunoreactivity was lower in cells
of choroidal origin than in retinal cells (Figure 6C). After
injection of PBS, only the Mueller cells, the RPE and cells in
the choroid showed bFGF immunoreactivity (not shown).

At sites where HC Ad.VEGF-A had been injected,
division of cells in the choroid was regularly detected by Ki67
immunoreactivity. Double labeling for Ki67 and tomato lectin
indicated the endothelial nature of some of the dividing cells
(Figure 6D). After injection of PBS, only a few cells were
positive for Ki67 (about 1–2 cells per whole choroid of an eye,
not shown).

Albumin immunoreactivity was present in the choroid
and the fiber matrix at the vitreal retinal interface. It was
absent in the unaffected retina (Figure 6F). In retina close to
the choroidal endothelial cell proliferation, albumin was
detected within the retina. Albumin immunoreactivity was not
localized within the nodular cell cluster surrounding the RPE
cells (Figure 6G). This may be why ICG did not enter such
sites (see Figure 2G). Albumin leakage within the retina also
occurred at sites where the retina was not fused with the RPE
or choroid (Figure 6H). After injection of PBS, only choroid
and vitreous, but not the retina, stained for albumin (not
shown). Single macrophages were regularly detected with
CD68 antigen at the injection sites (not shown).
Electron microscopy: After HC Ad.VEGF transduction,
nuclei of the choriocapillaris appeared extremely frayed or
fragmented (Figure 8A). Thrombocytes aggregated in the
choriocapillaris, and cells migrated into Bruch’s membrane
between the RPE and choriocapillaris. The adherent junctions
were opened, and the extracellular matrix then had direct
contact with the lumen of the capillary (Figure 8B,C).
Choriocapillaries were frequently completely closed by
thrombi. Below the transduced RPE layer, the endothelial
cells of the choriocapillaris were irregular and endothelial
cells protruded into the vessel lumen as shown in Figure 4.
Electron microscopy revealed that this was often caused by
invaginations of the endothelium toward the vessel lumen.
These invaginations were filled with high amounts of
extracellular matrix (Figure 5A). Whole cells, surrounded by
extracellular matrix, were located between the endothelium
and Bruch’s membrane (Figure 5B). Endothelial cells formed

fingerlike protrusions through the elastic layer into Bruch’s
membrane (Figure 5C). Sites indicating remodeling and de
novo synthesis of the extracellular matrix surrounding the
choriocapillaris were always present (Figure 5C). Whole cells
were regularly present within Bruch’s membrane (Figure 5D).
Newly formed capillaries were detected within the subretinal
space (Figure 7). Subretinal bleedings were also present. The
endothelium of such capillaries was unusually thin, lacking
extracellular matrix but containing vacuoles. The
endothelium of such newly formed vessels did not contain any
fenestrations, and the lumen was often free of erythrocytes.

DISCUSSION
Different approaches have been undertaken to induce CNV in
rabbits (Table 2), and VEGF was used to induce
neovascularization in only three reports [25-27]. However, in
just one of these studies, CNV was successfully induced but
VEGF was not the principal inducer of neovascularization

Figure 8. Electron micrographs obtained after transduction with
HC Ad.VEGF-A. A: Nuclei of the choriocapillaris appeared
extremely frayed or fragmented (asterisks). Remnants of the elastic
layer of Bruch’s membrane can be recognized (arrows). B:
Trombocytes (T) aggregated in the choriocapillaris. Cells (black
asterisk) migrated into Bruch’s membrane between RPE and
choriocapillaris. The elastic layer is marked by an arrow. C:
Magnification of the frame in (B) showed that the adherent junctions
were opened and the extracellular matrix had direct contact with the
lumen of the capillary (arrow). D: The choriocapillaris was
completely closed by thrombi (T), which was directly faced Bruch’s
membrane (B). The endothelium (E) was thickened and interrupted
by another cell (black asterisk). Scale bars in each image equal 1
μm.
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because matrigel alone had the same effect as matrigel in
combination with VEGF [26]. Therefore, the purpose of our
study was to develop an efficient and reliable model of CNV
to facilitate the study of antiangiogenic and antiproliferative
therapies for ocular diseases. This is currently the only model
that shows an induction of CNV by overexpression of VEGF
in the rabbit. In the present investigation, we observed a CNV
with leakage four weeks after the subretinal injection of HC
Ad.VEGF-A at 5x106 iu in 83% of the rabbit eyes. This
observed leakage did not look like the diffuse leakage
observed by patients probably because it was just restricted to
the area in which there was an overexpression of VEGF-A–
i.e., close to the retinal scar as shown in Figure 6B,E. A
window effect as shown in Figure 2D,E was excluded since
the RPE was present and the choroidal vessels could not be
seen after FA (Figure 2J,L,F,H). We also combined several
detection methods of VEGF-A165 overexpression induced
neovascularization in mammals (SLO, angiography, light
microscopy, and electron microscopy). Our findings present
clear indications that there is a significant effect on the
endothelial cells of the choriocapillaris after a subretinal
transduction of the RPE with VEGF-A vector. Moreover, we
have described damage of preexisting choriocapillaris and
remodeling of extracellular matrix. In accordance with most
of the existing rabbit models, we also observed alterations in
RPE cells and activation of macrophages that were absent
after EGFP transduction (Table 2). The choroidal endothelial
cells were activated, adherent junctions opened creating
thrombosis and leakage. The fenestration was minimised,
while the endothelial cells augment the extracellular matrix
and they begin to migrate and infiltrate the Bruch’s
membrane. Moreover, they proliferate and form pathological
vessels in the subretinal space. We also observed an increased
expression of bFGF and VEGF-A accompanied by
macrophage stimulation, retinal edema, and photoreceptor
loss. In our model, upregulation of VEGF induced a
pathological mechanism, in which the choriocapillaris was
closed by thrombocyte aggregation, probably inducing
hypoxia. Then, hypoxia induced autoregulatory pathways that
may have increased or decreased growth factors like bFGF
(Figure 6C). This cascade altered the microenvironment
leading to CNV. The fact that in laser models, VEGF is

secreted or that expression of VEGF induces CNV in specific
models does not demonstrate that VEGF plays a major role in
the development of CNV in humans with AMD. The
conclusions we refer to are that, in normal animal eyes,
overexpression of VEGF can induce remodeling of retinal and
choroidal vessels and that many of the features of our
experimental CNV are similar to those observed clinically in
patients having wet AMD (Table 3). Once the CNV is
established, it can last for years. Complications, such as retinal
and choroidal atrophy, retinal detachment, and RPE cell
dysfunction can finally lead to blindness [28]. Indeed, in a
previous study by Ni et al. [29], the authors described the time
course of experimental CNV induced in rabbits by subretinal
injection of endotoxin and bFGF encapsulated into a sustained
release format (heparin-sepharose). They demonstrated that
the presence of macrophages and the activation of the RPE
cells in association with development of CNV suggested an
inflammatory component, together with remodeling process,
as a major contributor to the development of their model of
CNV. They also showed a persistence of clinically leaky CNV
lesions throughout the three-year-observation period
following a single dose of angiogenic molecules. In most
cases, the peak time of CNV leakage appeared at week four
[26]. In contrast, laser-induced CNV in rodents and primates
has been reported to last usually for just one month. With
laser-induced CNV, the peak fluorescein leakage appeared at
week two and then gradually resolved because of the rapid
maturation of new blood vessels and the reestablishment of
the blood-retinal barrier [9]. This is why we chose two and
four weeks as time points for our investigations. We did not
observe important differences when comparing the
angiographies at weeks two or four postoperative indicating
that the weak leakage observed at week four was not due to
fibrosis and regressing vessels.

The current study is the first in which a direct effect on
the choroidal endothelial cells after transduction with a VEGF
vector in rabbits has been proven. Although Matrigel was
subretinally injected in combination with VEGF in an earlier
study [26], the VEGF had no effect there, and the subretinal
injection of Matrigel alone showed the same effect on the
choroidal blood vessels. In this study, introducing gel-like
Matrigel compounds into the subretinal space created a
physical barrier between the neural retina and its underlying
choroid tissues. Therefore, the mechanism leading to CNV
seems to be different from AMD, where basal laminar
deposits are located in Bruch’s membrane between RPE and
choroid.

In a 2006 study done by Kinnunen et al. [27], a VEGF-A
adenovirus was injected into the vitreous body. Production of
VEGF, endothelial cell proliferation, as well as increased
capillary density in the retina, the optic nerve head, and the
anterior segments were also detected. However, the effect on
the choroidal vessels was not investigated.
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TABLE 3. SIMILITUDE OF OUR EXPERIMENTAL RABBIT CNV MODELWITH
THE FEATURES

 
OBSERVED

 
IN PATIENTS SUFFERING FROM WET  AMD.

-> Changes in the RPE (hypo- or hyperpigmentation)
-> Bruch’s membrane loss and infiltration of endothelial cells
-> Remodelling of extracellular matrix
-> Subretinal neovascularisation
-> Proliferation of endothelial cells and fibroblasts
-> Subretinal haemorrhage
-> Leakages
-> Thrombosis
-> Loss of photoreceptors
-> Retinal edema
-> Upregulation of bFGF and VEGF
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Other investigators have reported using angiogenic
molecules to induce CNV in rabbits [25,30-34]. Tamai et al.
[32] reported fluorescein leakage after four weeks in 9%–15%
of rabbit eyes using subretinal injection of lipid hydroperoxide
(100 μg), whereas CNV formation was found in up to 46% of
rabbit eyes. They also performed light and transmission
electron microscopy, which showed a degeneration of the
retina accompanied by a detachment of RPE, and the presence
of macrophages. They also described a normal fenestration of
newly formed vessels detected by electron microscopy.
Investigators also attempted to stimulate CNV in rabbits
through intravitreal VEGF administration [25]; however, only
a transient (three weeks) retinal neovascularization was
observed following intravitreous implantation of VEGF
pellets. In a 1991 study [33], the authors tried to create CNV
by performing retinotomy with argon laser burns. Although
they did not observe clinically apparent CNV, all laser lesions
contained microscopic CNV. This model was also associated
with a degeneration of the retina, the disruption of RPE, and
the presence of macrophages. The first described model of
experimental subretinal neovascularization in the rabbit was
performed in 1989 and was induced by subretinal injection of
vitreous without rupture of Bruch’s membrane [34]. The
incidence of CNV rose from 33% to 57% in a period of 4–40
weeks. Because of the absence of any fluorescein
angiographic indication of CNV, these occult new vessels
were identified by light and transmission electron microscopy.
Histological examination showed that these newly formed
vessels were composed of continuous capillaries and had the
morphologic characteristics of choriocapillaris, including
fenestrations, basement membranes, and junctional
complexes. The new vessels originated from the
choriocapillaris and penetrated through Bruch’s membrane
into the subretinal space, where they were associated with the
degenerated retina and proliferating glial and/or RPE cells.

To conclude, our rabbit model for CNV offers the
possibility to define not only the molecular signals involved
but also to examine how they interact and how the specific
microenvironments in the eye influence neovascularization.
It will also provide additional new targets for intervention and
allow testing of drugs that block the targets. Inhibitors of
VEGF signaling have already been demonstrated to be useful
for prevention of retinal neovascularization or CNV in animal
models and in patients [35-38]. A major goal for the future is
to precisely identify and test precisely new agents or
combination of agents that cause regression of
neovascularization in a rabbit model like ours under exactly
defined conditions.
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