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Abstract

Objective—To study the progressive changes of intense cyclic light-induced retinal degeneration
and determine whether it results in choroidal neovascularization (CNV).

Methods—Albino rats were exposed to 12 h of 3000 lux cyclic light for 1, 3, or 6 months. Prior to
euthanization, fundus examination, fundus photographs, fluorescein and indocyanine green
angiography, and Optical Coherence Tomography (OCT) evaluations were performed. Light exposed
animals were euthanized after 1, 3, or 6 months for histopathological evaluation. Retinas were
examined for the presence of 4-hydroxy-2-nonenal (HNE) and nitrotyrosine modified proteins by
immunofluorescence staining.

Results—Chronic intense cyclic light exposure resulted in retinal degeneration with loss of the
outer segments of photoreceptors and approximately two-thirds of the outer nuclear layer (ONL) and
development of sub-retinal pigment epithelium (RPE) neovascularization after 1 month. Almost the
entire ONL was absent with the presence of CNV, which penetrated Bruch’s membrane and extended
into the outer retina after 3 months. Absence of the ONL, multiple foci of CNV, RPE fibrous
metaplasia, and connective tissue bands containing blood vessels extending into the retina were
observed after 6 months. All intense light exposed animals showed an increased presence of HNE
and nitrotyrosine staining. OCT and angiographic studies confirmed retinal thinning and leakiness
of the newly fromed blood vessels.

Conclusions—Our results suggest albino rats develop progressive stages of retinal degeneration
and CNV after chronic intense cyclic light exposure allowing the detailed study of the pathogenesis
and treatment of age-related macular degeneration.

*Corresponding Author: Nader Sheibani, PhD, University of Wisconsin, Department of Ophthalmology and Visual Sciences, 600
Highland Avenue, K6/458 CSC, Madison, W1 53792-4673, nsheibanikar@wisc.edu, Tel 608-263-3345 Fax 608-265-6021.
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Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in humans in
developed countries (1-3). AMD is characterized by progressive degeneration of the macula,
usually bilateral, leading to a severe decrease in vision and a central scotoma. The decrease in
vision results either from retinal degeneration, called geographic atrophy (i.e., dry or
nonexudative AMD), or from the secondary effects of choroidal neovascularization (CNV)
(i.e., wet or exudative AMD) (4). Although changes in choroidal capillaries are observed in
both nonexudative and exudative AMD, the etiology of the two types of AMD may be distinct.
The retinal pigment epithelium (RPE) atrophy was recently described to be the initial insult in
nonexudative AMD, while changes in choroidal capillaries preceded the RPE atrophy in
exudative AMD (5). However, the impact of changes in RPE on retinal and choroidal
vasculature requires further elucidation. Animal models of AMD that manifest some of the
features of human AMD have become available in the recent years (6). However, most of these
models do not represent the full spectrum of the pathologic changes observed in human AMD
(7,8). Animal models that mimic the complex and progressive characteristics of AMD are
extremely valuable for studying the pathogenesis of AMD and testing different treatment
modalities.

The pathogenesis of AMD is not fully understood, but exposure to light is reported in
epidemiological studies to be a risk factor for AMD in humans (9). Light energy is essential
for visual function, but in excessive amounts produces photochemical damage to retinal
neurosensory cells. In 1966, Noell et al. published an early histological study of retinal damage
by light in rats. They documented the loss of photoreceptor and outer nuclear layers in albino
rats after exposing them to constant light for periods ranging from a few hours to a few days
(10). Subsequent light and electron microscopic studies revealed the sequence of histological
events leading to the disappearance of photoreceptors and complete RPE- Miller cell adhesion
(11,12) and RPE neovascularization by retinal capillaries (13-15).

Kremers et al. in 1988 proposed two classes of photochemical damage of retina, depending on
the level of irradiance of exposed white light. In Class 1, with low irradiance, the initial damage
is restricted to photoreceptors, while in class 2, with high irradiance, the RPE is the site of first
insult (16). The rate and extent of retinal degeneration were increased with an increase in the
duration and intensity of light exposure (12,17). The appearance of the albino rat retina
remained normal after 1 h of 2,500 lux intensity light exposure, while pyknotic changes in the
outer nuclear layer were noted when light exposure increased to 4 h (10). Additionally, O’Steen
reported that the susceptibility to light damage in the rat increases markedly at 16-24 weeks
compared to 3—4 weeks of age with approximately 95% loss of photoreceptors (18).

The exact molecular events involved in the light induced retinal degeneration have not been
fully determined. However, formation of reactive oxygen species (ROS) and consequent
oxidative damage to retinal cells is one of the proposed mechanisms (9,10,19-21). It is also
suggested that the formation of bleached products of rhodopsin or other visual pigments leads
to the formation of phototoxic molecules that mediate retinal cytotoxicity (22,23). Both the
caspase-dependent and caspase-independent pathways are involved in light induced apoptosis
of photoreceptors (24,25). In recent years, vision scientists have increasingly utilized light
induced retinal degeneration in rodents for pathogenetic and therapeutic studies following
chronic light exposure for a period of a month or more. However, the advanced stages of intense
cyclic light-induced retinal degeneration have not been previously evaluated.

Chronic light-induced ROS can damage Bruch’s membrane and may stimulate CNV by
fostering a “proangiogenic” environment in the retina (21,26). Numerous studies reported RPE
neovascularization in various retinal degeneration models which arises from the inner retinal
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capillaries, with minimal contribution from the choroid vasculature, and, may be influenced
by the rate at which photoreceptors degenerate (13,14). However, the accumulation of
lipofuscin in RPE cells is, at least in part, also related to light exposure (27). Lipofuscin
deposition contributes to the formation of large confluent drusen and pigmentary changes in
the RPE layer, is also thought to lead to the development of CNV (28). Thus, the relative
contributions of the neurosensery retina and RPE degeneration to the development of CNV in
the aging eye clearly require further study.

Based on the published work of others and our own previous observations of light induced
retinal degeneration in rodents, we hypothesized that rodents with late stage of intense cyclic
light induced retinal degeneration develop CNV. To test this hypothesis, we studied the effects
of long duration and high intensity cyclic light exposure to the eyes of Wistar and Sprague-
Dawley (SD) albino rats. Here we show that exposure to high intensity cyclic light for 1-6
months results in rapid retinal degeneration, which ultimately progresses to CNV, with minimal
contribution from retinal capillaries and RPE neovascularization. These changes were
associated with increased oxidative stress, as revealed by increased immunostaining for the
presence of 4-hydroxy-2-nonenal (HNE), a product of lipid peroxidation (29), and nitrotyrosine
modified proteins, a product of peroxynitrate reaction (30). Thus, chronic intense cyclic light
exposure of albino animals may provide a suitable model to study the progressive pathogenesis
of exudative AMD and be useful in the development of target specific treatments.

Material and Methods

Experimental animals

All experiments were carried out in accordance with the Association for Research in Vision
and Ophthalmology Statement for the use of Animals in Ophthalmic and Vision Research and
were approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin School of Medicine and Public Health. We used a total of 12 albino female SD and
12 albino female Wistar rats (Harlan Sera-Laboratory; Indianapolis, IN). The rats were 12
weeks old at the start of the study and were kept in our vivarium under normal cyclic light (12
h on/off, 7 am-7 pm, Central Time) for a week prior to experimentation. The SD and Wistar
rats were each divided into normal and intense cyclic light exposed groups. Both control and
treated groups were further divided into three subgroups each. The three treated subgroups of
SD and Wistar rats were exposed to 12 h of cyclic diffuse cool white 3,000 lux intensity light
(36 watt compact fluorescent tubes, DL 930, Uplift Technologies, Dartmouth, Canada) for 1,
3, or 6 months, respectively. The corresponding three control subgroups were exposed to
normal cyclic light used in the animal housing facility (~70 lux) for the same periods of time.
The 12 h light/dark cycle was used to avoid alterations in the normal physiology of the rats by
disturbing the circadian rhythms set by the eye.

In the treatment groups, pairs of clear plastic cages with wire tops were kept side by side with
two light sources, one on each side of the two cages (i.e. one light source percage and two
cages per shelf). Before placing rats inside respective cages and exposing them to light, light
meter measurements (Fisher Scientific, Pittsburg, PA) were taken at the bottom of each cages
to ensure equal light energy exposure inside the entire cage. The distance of the light sources,
from either side of cages were adjusted to provide the desired reading. The control groups were
kept in identical cages in a separate room under the normal cyclic vivarium lights. The light
exposure of the control rats was measured in an identical manner to that of the treatment group.
All rats were monitored for signs of abnormal behavior and appearance, and were weighed
every other week for the duration of experiment.
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Ocular evaluations

At the end of 1, 3, or 6 months, dilated fundoscopy, optical coherence tomography (OCT) and
angiography procedures under anesthesia (intraperitoneal injection of 35 mg/kg ketamine
hydrochloride and 5 mg/kg xylazine hydrochloride) were carried out. The pupils were dilated
with 0.5% tropicamide and 2.5% phenylephrine hydrochloride eye drops. The topical
endoscopy fundus imaging system was used to document changes in the retina following a
technique previously described (31). Cirrus H D-OCT (Carl Zeiss Meditec, Germany) and
Heidleberg retinal angiography system (HRA 2, Germany) were used to evaluate retinal edema
and choroidal neovascularization using intraperitoneal injection of fluorescein sodium (60 mg/
kg; Akron, Buffalo Grove, IL) and indocyanine green dye (6 mg/kg; Akron, Buffalo Grove,
IL). The rat eyes were manually positioned in front of OCT and angiography camera to get the
optimal view. The interpretation of OCT and angiography images were performed by two
masked readers.

Histological evaluations

The rats were euthanized at respective time periods of 1, 3, or 6 months in a CO2 chamber.
The eyes were enucleated and fixed in 10% neutral-buffered formalin. Further histological
processing consisted of dehydration through increased concentration of alcohol, cleared with
xylene, and embedded in a horizontal axis in paraffin. Six serial pupillary-optic nerve (PO)
sections and four non-PO anterior-posterior sections of 8 um thickness were obtained from
each eye. These sections were stained with hematoxylin-eosin, periodic acid-Schiff, or Masson
trichrome stain. Comparative histopathological evaluation of the neurosensory retina, RPE,
Bruch’s membrane, and choroid were performed in each eye by light microscopy. The retinal
thickness was measured from internal limiting membrane to the outer limiting membrane.
Measurements were taken at 4 corresponding areas (2 each on the nasal and temporal side of
the optic disc). These areas were located at 0.5 mm and 1 mm away from the optic disc. The
average retinal thickness was calculated for each treated and control rat after 1, 3, or 6 months
of light exposure.

Immunofluorescence staining for oxidative stress related products

The extent of oxidative stress, in light exposed and control rats, was determined from the level
of modifications of proteins by HNE and nitrotyrosine utilizing immunofluorescence staining
of eye sections (32). Paraffin eye sections, prepared as described above, were washed in xylene
4 times (5 min each), and followed by two washes with 100% and 95% ethanol (10 min each),
respectively. After two 5 min washes in water, sections were heated in microwave for 11 min
for antigen retrieval (1600 ml of H,O and 15 ml of vector H-3300; Vector Laboratories,
Burlingame, CA) and allowed cool to room temperature overnight. Sections were then washed
in water for 5 min, followed by three PBS washes (5 min each), and were incubated in blocker
solution (1% BSA, 0.2% skim milk, and 0.3% Triton X-100 in PBS) for 15 min at room
temperature. The blocked sections were then incubated with rabbit anti-4-Hydroxy-2-nonenal
(HNE) antiserum (Alpha Diagnostic International, San Antonio, Texas), rabbit anti-
nitrotyrosine (Invitrogen, Carlshad, CA), rabbit-anti PCNA (Sigma, St. Louis, MO), rabbit-
anti- Ki67 (DAKO, Carpentaria, CA), or rabbit 1gG (Sigma; all prepared in blocking solution
at 1:500 dilution) overnight at 4°C. After three washes with PBS (5 min each), sections were
incubated with secondary antibody Alexa 594 goat-anti-rabbit (Invitrogen; 1:500 dilution
prepared in blocking solution). Sections were washed three times with PBS, covered with PBS/
glycerol (2 vol/1 vol), and mounted with a cover slip. Eye sections were viewed by fluorescence
microscopy and images were captured in digital format using a Zeiss microscope (Carl Zeiss,
Chester, VA).
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Results

General health and ophthalmoscopic findings of animals

All treated and control groups of Wistar and SD rats appeared healthy after 1, 3, or 6 months
of exposure to intense cyclic light. There were no observable changes in activity or eating and
drinking habits in either group. In addition, no significant differences in the body weight of
animals was observed at any point in the intense light exposed rats as compared to controls
(not shown). Furthermore, on fundus examination, no obvious differences were noted in the
appearance of the retinas between the control and treated groups in either the Wistar or SD
rats. No retinal hemorrhage or exudative changes were noted in any animal.

Histology of Wistar rats

The comparative histological changes in Wistar and SD rats are summarized in Table 1. In
control Wistar rats after 1 month of light exposure (Figures 1A, D), the inner and outer
neurosensory layers, RPE, Bruch’s membrane, and choroid were within normal limits, both in
peripheral (Figure 1A) and central (Figure 1D) parts of retina. In contrast, the inner and outer
segments were markedly atrophic and the thickness of ONL was reduced to less than one-third
of the control Wistar rats after 1 month (Figure 1B). The effects were more severe in the central
part of retina (Figure 1E). In a few central areas, swollen RPE cells with vacuolated cytoplasm
were detached from Bruch’s membrane (Figures 1F). The inner retinal layers were
unremarkable in appearance. We did not observe migration of retinal capillaries toward the
RPE layer at this time point.

After 3 months of light exposure, microscopic examinations of the control Wistar rats (Figure
2A) revealed normal morphology of the retinal layers and choroid. In the treated group (Figure
2B), there was almost total loss of the outer nuclear layer. We observed growth of new vessels
extending from the choroid, penetrating Bruch’s membrane, and invading the neurosensory
retina. Migrating RPE cells encroached on the outer retinal layers, surrounding the new
choroidal vessels (Figure 2C). We did not observe any retinal capillaries migrating towards
RPE layer and RPE neovascularization. In addition, PCNA or Ki67 staining of sections from
1 month or 3 month intense cyclic light exposed rat showed no significant difference in RPE
cell staining compared to control animals (not shown) indicating lack of increased RPE cell
proliferation in intense light exposed animals.

After 6 months of light exposure, the RPE layer in the control groups was unremarkable with
a normal anatomical arrangement of the overlying retinal layers (Figure 2D). In rats exposed
to intense cyclic light, there was total loss of photoreceptor cells (Figure 2E). Additionally, the
inner nuclear layer was thinned and contained many cells with pyknotic nuclei (Figures 2E,
F). The newly formed choroidal vessels were anastomosed with retinal capillaries (Figure 2F),
having an appearance similar to that described in late stages of various light or genetically
induced rodent models of retinal degeneration (14). RPE cells migrated into the disorganized
inner nuclear layer (Figure 3A). There was also fibrous metaplasia of the RPE, in which some
of the cells had enlarged nuclei (Figure 3B). Extracellular deposits (Figure 3C) were also
present and the RPE layer was thickened, basophilic, and contained microcystoid spaces
(Figure 3D). The extracellular deposits were stained positive with PAS stain (Figure 3E).
Fibrovascular tissues were extended between the choroid and the inner retinal capillary layer
adhering the choroid to the retina (Figure 3F).

Staining for oxidative products

One of the most damaging effects of ROS production is initiation of lipid peroxidation, a radical
chain reaction when ROS oxidize cellular membrane lipids. 4-hydroxy-2-nonenal (HNE), one
of the major aldehydic products of the peroxidation of membrane -6 polyunsaturated fatty
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acids provides a measure of this process and can also contribute to oxidant stress mediated cell
injury (33). The staining for HNE-modified proteins was more prominent in the intense light
exposed Wistar rats compared to the corresponding control groups (Figures 4A, B). HNE
staining was more concentrated in ganglion cells, inner, and outer nuclear layers compared to
inner and outer plexiform layers. The staining for nitrotyrosine-modified proteins, a byproduct
of peroxynitrite generated from nitric oxide synthase uncoupling under oxidative stress (34),
was more prominent in intense light exposed Wistar rats compared to control (Figures 4C, D).
No staining was observed using control rabbit 1gG (not shown).

Histology of Sprague-Dawley rats

The intense cyclic light exposed SD rate exhibited similar pathological changes in the retina,
Bruch’s membrane, and choroid as those described in Wistar rats (Figure 5). However, these
changes developed more slowly and were less severe in the light exposed SD rats compared
to Wistar rats (Table I). The foci of sub-RPE neovascularization were first evident after 3
months of light exposure in the SD rats compared to Wistar rats, which was present after 1
month of light exposure. Retinal thickness measurements and immunostaining results (HNE
and nitrotyrosine) were similar to those observed in Wistar rats (not shown). In addition, no
RPE neovascularization arising from the retinal capillaries was observed at the time points
studied (Figure 5).

Optical Coherence Tomography

In both treated Wistar and SD rats, areas of higher reflectivity were seen extending through
the normal retina from the RPE and choroid in the 6-month intense light-exposed rats that were
not present in the control unexposed groups (Figure 6). The retina was thinned with loss of
inner and outer segments of photoreceptors. The RPE interface in the light exposed group
showed more irregularity in the light-treated animals than in the control groups. There were
hyporeflective areas within the retina suggestive of leakage of fluid from microvasculature of
CNV in the treated groups (Figure 6B). The presence of fluid signifies that the proliferating
vessels are leaky and, thus, abnormally forming, as occurs in humans with exudative AMD.
These changes were less marked after 1 or 3 months of light exposure (not shown). The retinal
thickness measurements are shown in Figure 6C. The average retinal thickness in light exposed
Wistar rats was reduced to about 90 micron after 1 month, 70 micron after 3 months, and 50
micron after 6 months. In contrast, the average retinal thickness in the control groups remained
stable at 140 micron after 1, 3, or 6 months.

Indocyanine green and fluorescein angiography

After 6 months of intense light exposure, ICG angiography in the Wister rats showed early
peripapillary hyperfluorescence that increased in a late phase, suggestive of prominent CNV
(Figures 7A, B). Fluorescein angiography (Figures 7C, D) demonstrated multiple areas of CNV
with hyperfluorescence suggestive of surrounding leakage. Additionally, hypoperfused areas
invaded by leaking new retinal vessels were also observed. In contrast, the control group did
not show any foci of neovascularization or leakage on either ICG (Figure 7E) or fluorescein
angiography (Figure 7F).

The leakage of dye from the new vessels is suggestive of their prematurity and thus pathological
neovascularization. The fluorescein angiography showed intraretinal neovascular networks
and marked leakage from the proliferating new retinal vessels. The peripapillary choroidal
neovascularization was more prominently observed in ICG angiography. ICG dye can delineate
choroidal vasculature better than fluorescein dye (35). These leakage foci are representing the
histologically seen proliferating new choroidal vessels encroaching on the overlying retinal
layers. Choroidal neovascular membranes often are poorly defined on fluorescein angiography
because of rapid or indistinct fluorescein leakage or because of blockage of hyperfluorescence
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by overlying hemorrhage, lipid, turbid fluid, or pigment. Compared with fluorescein
angiography, ICG improved visualization of the choroidal circulation and enhanced
visualization of some membranes that were poorly defined with fluorescein. A similar result
was noted in the SD rats (not shown).

Discussion

This study demonstrates the progressive stages of intense cyclic light induced retinal
degeneration in albino Wistar and SD rats. The pathologic process progressed from 1) an early
stage of photoreceptor loss, partial outer nuclear layer loss, and alteration in the RPE layer to
2) total loss of outer nuclear layer and partial loss of inner nuclear layer to 3) sub-RPE
neovascularization, disruption of Bruch’s membrane, and finally anastomosis of newly formed
choroidal vessels with retinal capillaries in the outer retina. This study demonstrates the
progression to an advanced stage that to the best of our knowledge has not been previously
described. These progressive pathologic changes simulate the growth patterns of human CNV
as described by Grossniklaus and Green (36). These investigators observed on histological
examination three patterns of new vessel formation: sub-RPE, sub-retinal, and combined
growth. Furthermore, the features described here are also similar to the published histological
reports of human cadaver eyes with CNV (37-43). Thus, we believe that the intense cyclic
light-induced CNV maodel described in this study closely resembles the progressive human
pathology, and accordingly may be a useful model for study and treatment of human exudative
AMD.

The development of neovascularization is a critical component of the pathogenesis of human
exudative AMD resulting in visual loss. If left untreated, these new vessels result in intraretinal
and/or subretinal hemorrhages and exudates, leading to destruction of viable retinal cells
(44). The inhibition of CNV and new vessel growth within the retina by VEGF antagonists has
been an important milestone in the treatment of exudative AMD in patients (45). However,
significant improvement of vision is only observed in 30% of the patients and, 20% of the
patients had a decrease in visual acuity resulting in legal blindness (45). In addition, potential
systemic ill effects following continuous inhibition of VEGF at sites necessary for normal
functions, such as retina (46,47) and renal glomeruli (48), is of increasing concern. Thus, the
development of additional treatment strategies with a more specific targeting of the pathologies
associated with exudative AMD is desirable.

Various animal models have been instrumental in advancing our understanding of both the
pathogenesis of AMD and the development and testing of effective treatments for AMD (49).
An early and important animal model was the laser induced CNV, developed by Ryan et al. in
1979 (50) and it remains one of the commonly used models for exudative AMD research. This
was followed by numerous transgenic models and surgically injected growth factor induced
CNV models. A comparison of the model described here with other major CNV models is
presented in Table 2. Among the available transgenic models, Ccl2 7/~ and Ccr2~/~ deficient
models (51), VLDLR mouse strain (52,53), hephaestin and ceruloplasmin double-knockout
mice model (54), and Sod1-deficient mice (55) showed development of CNV. However, these
pathologic changes were only observed in significantly older animals, 10-15 months of age.
In addition, the corresponding genes causing the retinal changes in these models have not been
associated directly with AMD in humans (56). Thus, availability of models that develop the
entire spectrum of AMD associated pathologic changes within a reasonably short duration
would be extremely useful in the study of the disease and the development and testing of new
target specific treatments.

Oxidative stress is one of the pathological processes recognized to be involved in human AMD
(21,57,58). The increased oxidative stress induced byproducts, HNE and nitrotyrosine, in the
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degenerated retina with light-induced CNV were observed in our model, as previously reported
in light-exposed rat retina (59). Among models using light as the stimulus, Cousin et al. (60)
reported the presence of basal laminar deposits with excessive fatty diets that increased in
severity with brief exposure to blue light. In contrast, the rats in our study were fed a normal
diet but exposed to prolonged duration of 3000 lux intensity cyclic white light and developed
sub-RPE deposition of amorphous material similar to basal laminar deposits described in the
literature (61).

A focal phatic injury had been used to stimulate CNV in the past but never in association with
retinal degeneration related to light exposure (62). Although neovascularization has been
previously reported in various animal models of retinal degeneration, the majority of these
have an origin from retinal capillaries and extended to the RPE and choroid resulting in RPE
neovascularization (13,14). The RPE cells survive the light exposure and for the most part
remain unchanged, except for compaction of the villous processes in the retinal zone where
the photoreceptors resided prior to their destruction. We did not observe changes in retinal
capillaries of animals exposed to intense cyclic light, at one and three months of treatment.

Unfortunately, in the majority of early studies of light-induced retinal degeneration models,
the temporal changes were not carefully evaluated in terms of the site of initiation and the
manner of progression of neovascularization. However, detailed temporal evaluation of the
loss of photoreceptors and retinal vasculature in rhodopsin transgenic rats recently
demonstrated a direct relationship between loss of 18 photoreceptor cells and attenuation of
normal retinal vascularization during early stages of retinal vascular development (14). The
rapid loss of photoreceptor cells in younger animals had its most severe impact on inner retinal
vascularization, and over time did not show RPE neovascularization arising from retinal
capillaries. The impact on the RPE cells was also minimal in these animals. These observations
are consistent with those reported in the present study in rats exposed to intense cyclic light,
where extensive loss of photoreceptor cells was observed by the first month. This was
concomitant with the migration of newly formed choroidal- not retinal- blood vessels growing
toward the outer retina. The RPE cells appeared, for the most part, within normal limits at 1
and 3 month of intense light exposure, with minimal sign of proliferation determined by PCNA
or Ki67 staining (not shown). However, loss of RPE polarization and organization of RPE cells
around the newly forming choroidal blood vessels were observed. Thus, our results suggest
that the rapid loss of photoreceptor cells may promote the formation of new choroidal vessels
in order to accommaodate the oxygen need of outer retina.

Neovascularization of the RPE by retinal capillaries is a common feature of inherited and
environmentally induced retinal degeneration in rodents (13,14,63,64). However,
vascularization of the RPE is not known to occur in human diseases of photoreceptor
degeneration, such as retinitis pigmentosa (65). Although it is suggested that other types of
neovascularization may occur, their source and pathogenesis remain elusive. Furthermore, the
studies in different rodent models of retinal degeneration suggest a major contributing factor
may be temporal (i.e. the rate at which photoreceptors degenerate) and thus determines the
involvement of retinal or choroidal capillaries as the source of vascularization of outer retina.
Thus, the gradual loss of photoreceptor cells over time may favor migration of retinal capillaries
with consequent RPE neovascularization. The molecular and cellular mechanisms which
discriminate between these pathways remain elusive and need further study.

In summary, our rat model displayed progressive stages of retinal degeneration, with features
of newly forming choroidal vessels closely resembling that seen in human exudative AMD,
induced by chronic intense cyclic light exposure within a relatively short time. We believe the
chronic intense cyclic light-induced exudative AMD model described here will prove useful
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in, not only the evaluation of molecular and cellular mechanisms associated with exudative
AMD but, also for effective screening of new compounds with potential therapeutic potential.
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Figure 1.

Histological evaluation of Wistar rats after 1 month of intense cyclic light exposure.
Comparable H&E stained sections of retina of control (A, D) rats vs. intense light exposed rats
(B, C, E, F), from peripheral (A—C) and central (D-F) parts of retina were evaluated. The
appearance of retinas was within normal limits in control Wistar rats at both peripheral (A)
and central (D) part of the retina. The outer nuclear layer was reduced from 1/3 of its full
thickness to total absence in intense cyclic light exposed Wistar rats (B, E). The layers of
photoreceptor inner and outer segments were completely degenerated after 1 month of intense
light exposure (E, F). Please note that the central part of the retina (E, F) is more affected in
intense cyclic light exposed rats than the periphery (B, C). C and F are higher magnifications
(x400) of B and E (x200). Arrow show RPE cells and arrow heads show red blood cell.
Representative images are shown. All animals exposed to intense cyclic light exhibited a
similar phenotype. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear
layer; RPE: retinal pigment epithelium. Bar= 50 um.
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Figure 2.

Histological evaluation of Wistar rats after 3 or 6 month of intense cyclic light exposure.
Comparable H&E stained sections of retina of control (A, D) rats vs. intense light exposed rats
(B, C, E, F), from central parts of retina were evaluated. All layers of the retina were intact in
control Wistar rat after 3 months (A). In intense light exposed rats, the inner and outer segments
and outer nuclear layer was completely absent and a part of the inner nuclear layer was also
affected (B). Areas of sub-RPE vascularization extending into the overlying degenerated retina
were frequently observed after 3 months of intense light exposure (C). After 6 months of intense
light exposure, the retina was within normal limits in the control Wistar rat group (D). Multiple
areas of choroidal neovascularization with fibrotic bands anastomosing with the retinal
capillary layer were observed in intense light exposed rats after 6 months (E, F). C and F are
higher magnifications (x400) of B and E (x200). Arrows show RPE cells and arrow heads show
red blood cells. Representative images are shown. All animals exposed to intense cyclic light
exhibited a similar phenotype. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer
nuclear layer; RPE: retinal pigment epithelium. Bar=50 pum.
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Figure 3.

Histological evaluation of Wistar rats after 6 months of intense cyclic light exposure. H & E
(A, B, C, D) and PAS (E, F) stained sections of the retina from intense light exposed Wistar
rats were evaluated. Migrating RPE cells and disorganized inner nuclear layer with new vessels
growing towards ganglion cells is shown (A). Thickened RPE layer with an enlarged RPE
nucleus and abundant cytoplasm is shown (B). A proteinaceous deposit (arrow) along RPE cell
layer and Bruch’s membrane was present (C). Basophilic RPE-Bruch’s membrane complex
with microcystoid spaces (arrow) were also present (D). PAS positive deposit (*) along RPE
layer is shown (E). A blood vessel growing from choroid into the retina (arrows) stained
positive on PAS was visible (F). Representative images are shown. All animals exposed to
light exhibited a similar phenotype.
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Figure 4.

Increased oxidative stress in Wistar rats exposed to intense cyclic light. The retina of control
Wistar rat (A) showed less staining for HNE (4-hydroxy-2-nonenal)-modified proteins
compared to intense light exposed Wistar rat (B). Similarly nitrotyrosine staining was much
less prominent in the control Wistar rat (C) compared to intense light exposed Wistar rat (D).
The retina of the light exposed rats (B, D) was thinner and degenerated compared to control
rats (A, C), due to light induced degenerative changes in the outer retinal layers. No staining
was observed in slides incubated with rabbit 1gG (not shown). Bar= 50 pum.
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Figure 5.

Histological evaluation of Sprague-Dawley rats after 6 months of intense cyclic light exposure.
Three progressive stages of CNV formation were observed. A focal sub-RPE
neovascularization with an intact Bruch’s membrane (A), disruption of Bruch’s membrane (B)
and invasion of CNV into the degenerated retina (C) is demonstrated. Arrows are indicating
the growing CNV affected area of the degenerated retina. Representative images are shown.
All animals exposed to light exhibited a similar phenotype.
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Figure 6.

OCT evaluation of Wistar rats after 6 months of intense cyclic light exposure. OCT retina scan
from control Wistar rats showed that all the layers of retina are intact (A). OCT retina scan
from intense light exposed Wistar rats showed the thinned retina with loss of photoreceptors,
complete outer and partial inner nuclear layers (B). Hyporeflective intraretinal microcystic
spaces (arrows) were also present. A representative image is shown. Similar patterns were
observed in rats exposed to intense light after 1 or 3 months but to a lesser extent (not shown).
The average retina thickness measurements, from internal limiting membrane to outer limiting
membrane, are shown in C. A significant decrease in the average retina thickness in the light
exposed Wistar and Sprague-Dawley rats was observed after 1, 3, or 6 month of intense light
exposure, when compared to control group (P< 0.05; n=3).
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Figure 7.

ICG and fluorescence angiography of Wistar rats after 6 months of intense cyclic light
exposure. Early phase (A) ICG angiography showing mild peripapillary hyperfluorescence
increasing further in late phase (B) suggestive of peripapillary CNV (arrows). Intraretinal
anastomosing new vessels, hypoperfused areas, and numerous focal hyperfluorescence areas
of CNV (arrows) are seen on fluorescein angiography (C and D). Compared with fluorescein
angiography, ICG improved visualization of choroidal circulation and enhanced visualization
of some membranes that were poorly defined with fluorescein. In control groups, there are no
foci of neovascularization or leakage on ICG (E) and fluorescein (F). Representative images
are shown. All animals exposed to light exhibited a similar phenotype.
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Distinct histological features of Wistar and Sprague-Dawley rats after 1, 3, or 6 months of cyclic light exposure

Changes were observed in all light-exposed animals

rats

neovascularization
were observed

Treated rats Neural Retina RPE layer Choroid Bruch’s membrane
Wistar (1 month) Total loss of inner | A few focal Early formation of Intact

and outer areas of sub-RPE

segments, outer proliferating neovascularization

nuclear layer RPE cells

reduced to less

than 1/3 of original

thickness
SD (1 month) same as Wistar rats | same as Wistar No areas of sub-RPE Intact

Wistar (3 months)

Total loss of inner
and outer segments
and outer nuclear
layer

Multiple areas
of proliferating
RPE cells

CNV formation in
multiple areas

Breached in areas with
proliferation of
choroidal vessels

SD (3 months)

same as Wistar rats

Fewer areas of
proliferating
cells compared
to Wistar rats

Only a few areas of
sub-RPE
neovascularization
and early sub-retinal
neovascularization
were observed

Breached in a few areas

Wistar (6 months)

Total loss of inner
and outer
segments, and
outer nuclear layer,
inner nuclear layer
was invaded and
disrupted by
invading fibrotic
bands containing
blood vessels

RPE cells
growing into the
overlying retina
and extending to
the ganglion cell
layer

CNV formation with
choroidal vessels
extending to the
ganglion cell layer;
there was observable
decrease in thickness
of the choriocapillaris

Disrupted in multiple
areas, PAS positive
material deposition
resembling drusen

SD (6 months)

Total loss of inner
and outer
segments, and
outer nuclear
layer; inner
nuclear layer was
thinned and areas
invaded by
occasional fibrotic
bands containing
blood vessels

RPE cells
growing into the
overlying inner
nuclear layer
and
occasionally up
to the ganglion
cell layer

CNV formation with
choroidal vessels
growing towards
ganglion cell layer, no
appreciable decrease
in choriocapillaris
thickness

Avreas of disruption
were observed less
frequently than in
Wistar rats
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A comparison of the light-induced model with the existing transgenic and surgically intervened animal models
producing retinal or choroidal neovascularization. (Adapted and modified from (6)).

implantation model

Name Genetic Modification/Surgical implantation | Features References

Ccl2—/- Ccl2—/- knockout mouse (MCP1 ; monocyte lipofuscin, A2E, BLD, drusen, PR (51,54,66,
chemoattractant protein— 1) atrophy, CNV 67)

Cer2—/— Ccr2—/- knockout mouse (Ccr2; C- C
chemokine receptor-2)

Cp—/—Heph-/Y Cp knockout mouse (Cp; ceruloplasmin) PR and RPE atrophy, CNV
crossed with spontaneous sla mutation in
C57BL/6 mice

rho/rtTA-TRE/VEGF Transgenic, rhodopsin promoter driving (68)
inducible human VEGF expression

IRBP/tTA-TRE/VEGF | Transgenic, IRBP (interphotoreceptor retinoid | retinal neovascularization (69)
binding protein) promoter driving inducible
human VEGF expression

RPE65/VEGF Transgenic, RPE65 promoter driving intrachoroidal neovascularization. (70)
expression of murine VEGF

VLDLR (VIdirtm1Her) | VIdIr—/— knockout mouse (VIdIr, very low choroidal anastomosis, retinal (52,71)
density lipoprotein receptor) neovascularization

Matrigel model Subretinal injection of Matrigel RPE vacuolization and migration, (72,73)

inflammatory cell infiltrations
within the Matrigel deposit, CNV

bFGF rabbit model Subretinally implanted bFGF- impregnated Subretinal neovascularization in 74)
gelatin microspheres 83% of their rabbit eyes

VEGF pellet Intravitreous implantation of VEGF pellets Transient retinal neovascularization | (75)

Light-induced rat model

No genetic or surgical manipulation, Chronic
cyclic high intensity light exposure

RPE proliferation, BLD, sub-RPE
neovascularization, CNV

Abbreviations: A2E, N-retinylidene-N-retinylethanolamine; BLD, basal laminar/linear deposits; CNV, choroidal neovascularization; ERG,

electroretinography; RPE, retinal pigment epithelial; PR, photoreceptor.
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