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PREFACE

In 1984, we organized a two-day symposium on retinal degenerations as part of the
biennial meeting of the VI International Society for Eye Research, held in Alicante, Spain.
The success of this first meeting led to the second held, two years later in Sendai, Japan,
organized as a satellite of the VII ISER. We were fortunate that these meetings began at a
time of vigorous research activity in the area of retinal degenerations, thanks to the financial
support of the Retinitis Pigmentosa Foundation and the strong encouragement of its scientific
director, Dr. Alan Laties. Significant advances were made so that every two years scientists
were eager to meet to share their findings. The programs included presentations by both
basic and clinical researchers with ample time for informal discussions in a relaxed atmos-
phere. Many investigators met for the first time at these symposia and a number of fruitful
collaborations were established.

This book contains the proceedings of the VI International Symposium on Retinal
Degenerations held November 6-10, 1994, in Jerusalem. As with the other meetings, some
new areas were covered. One session was devoted to apoptosis, an important process
involved in cell death in inherited retinal degenerations. Another session was on invertebrate
photoreceptors, where numerous mutations have now been identified that lead to altered
function or degeneration of the retina. All participants were invited to submit chapters and
most complied. We thank them for their contributions.

The meeting received financial support from a number of organizations. We are happy
to thank and acknowledge important contributions from The Foundation Fighting Blindness
(formerly the RP Foundation Fighting Blindness, Baltimore, Maryland; The National Insti-
tutes of Health, Bethesda, Maryland; R.P. Ireland — Fighting Blindness, Dublin; Swiss RP
Association, Zurich; and the Louisiana State University Medical Center Foundation, New
Orleans, Louisiana.

The untiring efforts of Dr. Elaine R. Berman, the local organizer, guaranteed the
success of the meeting. Her choice of the historic Kibbutz Ramat Rachel provided an ideal
setting. We thank her and the other organizers, Drs. Saul Merin and Baruch Minke, for
helping to make our trip to Jerusalem an unforgettable experience.

Thanks also go to Mrs. Ann Koval for her help with all of the correspondence related
to the meeting, to Ms. Pamela Eisenhour for her help in organizing the manuscripts for the
publisher and to Ms. Maureen B. Maude for help in editing the text. Finally, we thank Plenum
Press for publishing this volume.

Robert E. Anderson

Matthew M. LaVail
Joe G. Hollyfield
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APOPTOSIS IN RETINITIS PIGMENTOSA

Zong-Yi Li and Ann H. Milam

Department of Ophthalmology RJ-10
University of Washington
Seattle, Washington 98195

SUMMARY

Retinitis pigmentosa (RP) is a group of inherited retinal diseases characterized by
progressive death of photoreceptors. Photoreceptor death in several rodent models of
human RP was recently demonstrated to involve apoptosis. We sought to determine if
photoreceptor death occurs by apoptosis in retinas from patients with RP. Donor retinas
were screened using two labeling methods for in situ demonstration of fragmented nuclear
DNA, a hallmark of apoptosis. To improve the sampling, portions of the retinas were
processed as flat mounts. We examined 15 retinas from patients (age 24 to 87 yrs) who
had different genetic forms of RP and retained photoreceptors at the time of death, as
well as seven retinas from normal donors (age 19 to 68 yrs). Scattered labeled nuclei
were present in the retinas from two RP donors who were 24 and 29 yrs old at the time
of death. Labeled nuclei were not found in the normal retinas or in the retinas from the
older RP donors. This study provides initial evidence that photoreceptor death in human
RP occurs by apoptosis, as found previously in the rodent inherited retinal dystrophies.
Apoptosis is a relatively rapid process in other types of cells, and it may be difficult to
demonstrate in human RP retinas, where photoreceptor death is protracted over several
decades. In addition, the likelihood of documenting this rather brief event in the retinas
of older RP donors is small because they contain greatly reduced numbers of photore-
ceptors. Photoreceptor dysfunction results from several different gene defects in animal
models and RP patients, but photoreceptor death in each case appears to occur by the
final common pathway of apoptosis. Agents to inhibit apoptosis warrant evaluation as
new therapy for inherited photoreceptor diseases.

INTRODUCTION

Elucidation of the mechanisms of cell death is an important and rapidly progressing
field of research [1]. In necrosis, as caused by a number of conditions (ischemia, complement
attack, metabolic poisons, trauma and others), cells lose surface membrane ion pumping
activities, swell and lyse. Necrosis usually involves groups of cells and the resultant cellular

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al.
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2 Zong-Yi Li and A. H. Milam

debris is ingested by inflammatory cells. A cardinal feature of apoptosis, a form of pro-
grammed or physiological cell death, is the requirement for synthesis of new RNA and
protein. Like necrosis, apoptosis can be triggered by a variety of causes, but typically
involves single or small groups of cells within a population of unaffected cells of the same
type. The characteristic cytologic features of apoptosis are loss of intercellular junctions,
condensation and fragmentation of the nucleus and cytoplasm, and formation of surface blebs
(apoptotic bodies), which are ingested by neighboring cells with little or no inflammation.
One hallmark of apoptosis is internucleosomal fragmentation of DNA, which can be
demonstrated by agarose gel electrophoresis and the terminal dUTP nick end labeling
(TUNEL) technique [2]. Both methods were used recently to demonstrate apoptotic photo-
receptors in retinas of Royal College of Surgeons rats [3; 4], mice with mutations in the
retinal degeneration and retinal degeneration slow/peripherin genes [3; 5-7], and transgenic
mice with a mutant rhodopsin gene that causes retinitis pigmentosa (RP) in humans [5; 6].
The various mutant genes may lead to photoreceptor dysfunction by different disease
mechanisms but in each case, death of photoreceptor cells appears to occur by the final
common pathway of apoptosis.

We sought to determine if photoreceptor death occurs by apoptosis in human RP, and
report the results of screening donor RP retinas by two techniques to demonstrate apoptotic
cells in situ.

MATERIALS AND METHODS

The study was conducted on donor retinas from 15 patients with RP (Table 1).
Control retinas with similar post mortem times (2.5 to 25.5 hrs) were obtained from
normal donors of similar ages (19, 25, 30 [two], 38, 66, and 68 yrs). The eyes were
fixed with 4% paraformaldehyde and 0.5 to 2.5% glutaraldehyde in 0.13 M phosphate
buffer. Five of the RP donors had the simplex or isolate form; three had multiplex
RP, two had X-linked RP, two had autosomal dominant RP of unknown genetic type,
one had autosomal dominant RP caused by the threonine-17-methionine rhodopsin
mutation [8], one was a symptomatic carrier of X-linked RP, and one had Usher
Syndrome type II.

Two to four samples per retina, each approximately S mm in diameter, were dissected
from central and peripheral regions that retained at least one layer of photoreceptors. The
retinal samples were processed as 12 um cryosections and as flat mounts using the TUNEL
[2] and in situ nick translation labeling methods [9; 10]. Our data on cell death in transgenic
mouse retinas indicate that the in situ nick translation method is more sensitive than the
TUNEL method on flat mounted retinas [Al-Ubaidi, Naash, Li and Milam, unpublished]. To
improve penetration of reagents, the retinal samples to be flat mounted were frozen/thawed,
treated with ethanol (10, 25, 40, 25 and 10%; 10 min each) and 1% Triton X-100 in 0.01M
phosphate buffered saline (30 min at room temperature [RT]). All steps were performed in
a humidity chamber with agitaton. The incubation steps were modified for the retinal flat
mounts from the methods published for tissue sections [2; 5; 9; 10]. For the TUNEL method,
the retinal specimens were immersed in TdT buffer (140 mM sodium cacodylate, ImM cobalt
chloride in 30 mM Tris-base, pH 7.2) for 10 min (2X), and incubated in a solution of 0.3
enzyme units (eu)/pl terminal deoxynucleotidyl transferase (TdT) (Gibco BRL Technolo-
gies, Inc., Gaithersburg, MD) and 0.01 mM biotinylated-11-dUTP (Sigma, St. Louis, MO)
in TdT buffer for 2-3 hrs at 37°C. The reaction was stopped by transferring the retinas to TB
buffer (300 mM sodium chloride, 30 mM sodium citrate) for 15 min at RT. For in situ nick
translation, the retinas were immersed in NT buffer (SmM magnesium chloride, 10 pg/ml
BSA, 10 mM 2-mercaptoethanol in 50 mM Tris-HCI, pH 7.5) for 10 min (2X) and incubated
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Table 1. Characteristics of donor RP retinas and results of in situ DNA

end labeling
Post mortem
RPF#  Age/Sex time (hrs) Diagnosis Nuclear label
310 24M 11.5 Usher Syndrome 11 +
342 29 M 16.5 Simplex +
320 31F 10.0 Simplex -
114 3I9M 5.5 X-Linked (XL) -
311 44 M 12.0 Multiplex -
215 46 M 1.0 XL -
266 S4F 32 Simplex -
231 56 M 33 Simplex -
207 65 M 11.0 Autosomal Dominant -
303 68 M 22 Autosomal Dominant -
316 68 M 8.5 Autosomal Dominant” -
271 72F 4.0 Symptomatic XL Carrier -
340 73F 9.0 Multiplex -
184 76M 3.1 Multiplex -
371 87M 5.0 Simplex -

*Threonine-17-methionine rhodopsin mutation [8].

in 0.2 eu/ul DNA polymerase I (Sigma) and 0.01 mM biotinylated-11-dUTP and 0.01 mM
dATP, dGTP, dCTP (Sigma) in NT buffer for 2-3 hrs at RT or 37°C. The reaction was
terminated by transferring the retinas to PBS at 4°C. For both methods, the specimens were
rinsed in PBS for 10 min (2X). The endogenous peroxidase was quenched with 0.3% H,0,
in 10% methanol for 30 min. The retinas were rinsed in PBS and reacted with ExtrAvidin-
peroxidase (Sigma) diluted 1:200 in distilled water for 2-3 hrs at 37°C. The retinas were
rinsed with PBS and immersed in diaminobenzidine (DAB, Sigma) solution (0.5mg/ml in
0.05M Tris-HCIl, pH 7.6) for 15 min at RT, and incubated in the DAB solution with 0.05
pl/ml H,0, for 20 min at RT. To avoid confusion with the brown color of melanin granules,
some samples were processed using the red substrate, VIP (Vector Labs, Inc., Burlingame,
CA). The samples were rinsed in PBS and mounted photoreceptor side up in glycerol/fix.
As positive controls, samples of normal and RP retinas were pretreated with 1pg /ml DNase
[ (Sigma) in TM buffer (10 mM magnesium sulphate in 50 mM Tris-HCL, pH 7.4) for 15 min
at 37°C before the labeling procedure [2; 5]. As negative controls, samples were processed
by the same procedure with omission of the TdT for the TUNEL or DNA polymerase 1 for
the nick translation method.

Small retinal samples which contained DAB labeled nuclei were re-embedded in
LR-White resin for electron microscopic immunocytochemistry [11], which was per-
formed using antibodies against rhodopsin (monoclonal antibodies 4D2 (1:20) and 1D4
(1:20) from Dr. R. Molday); cone opsins (polyclonal antibodies against red/green (1:100)
and blue (1:10) cone opsins from Drs. C. and K. Lerea); arrestin (1:200; polyclonal
antibody from Dr. H. Shichi); glial fibrillary acidic protein (1:200; GFAP; polycional
antibody from DAKO Corp., Carpinteria, Calif.); cellular retinaldehyde-binding protein
(1:200; CRALBP; polyclonal antibody from Dr. J. Saari); and HAM-56 (1:200; mono-
clonal antibody from DAKO Corp.), which is specific for human monocytic macrophages
{12].
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Figure 1. (A - C). Positive control. A normal retina was treated with 1pug/ml DNase prior to in situ nick
translation. The labeled nuclei were photographed by focussing in different retinal layers. (A) Photoreceptor
layer. (B) Inner nuclear layer. (C) Ganglion cell layer, arrows indicate ganglion cell nuclei. The red blood cells
are not labeled (arrowheads). (D). A labeled photoreceptor nucleus (arrow) in retina from a 29 yr old RP patient
(RPF# 342) is surrounded by unlabeled cells. The labeled nucleus is shrunken and condensed in comparison
with the normal photoreceptor nuclei, as shown in Figure 1A. Nomarski phase interference, X 210.

RESULTS

Controls

Normal and RP retinas pretreated with DNase had intense labeling of all nuclei with
both methods. The labeled nuclei in the photoreceptor, inner nuclear and ganglion cell layers
could be identified by focussing at different levels (Fig. 1). The negative controls, in which
TdT or DNA polymerase was omitted, showed no nuclear labeling.

Experimental Samples

Rods and cones in the RP retinas were reduced in number, usually to 1-2 rows of
nuclei, and had short outer and inner segments. No labeled nuclei could be identified in the
sections of the RP and normal retinas using either method. The flat mounted retinal
preparations provided much better sampling and two of the RP retinas (donor ages 24 and
29 yr) contained scattered labeled nuclei in the photoreceptor layer (Fig. 1D, 2A, B, C;
Table 1). The labeled nuclei were rare, on the order of 1 to 5 per 10 mm? of retina. They were
scattered in the outermost layer of the retinas and occurred singly, in pairs or in small clusters.
Fig. 2A illustrates the largest number of labeled nuclei found in a single field. Nuclei of cells
of the retinal pigment epithelium (RPE) and inner retinal neurons in the same areas were
unlabeled (Fig. 2A). No labeled nuclei could be identified in the flat mounted samples from
the normal retinas or from the other RP retinas.

Electron microscopy revealed that the labeled nuclei were condensed and shrunken,
and belonged to small, dense cells in the photoreceptor layer that lacked inner and outer
segments, cytoplasmic organelies, and intercellular junctions (Fig. 2B). The dense cells were
unreactive with anti-rhodopsin, -cone opsins or -arrestin, although neighboring photorecep-
tors with inner and outer segments were well labeled with these antibodies. We looked for
but were unable to find labeled nuclei in rods that showed delocalization of rhodopsin
labeling to the inner segment surface membrane, as this abnormality has been considered to
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Figure 2. (A) DNA end-labeled nuclei (arrows) in flat mounted donor retina from 29 yr old RP patient
(RPF#342). Note unlabeled nuclei (arrowheads) in adjacent RPE cells which contain dark melanin granules
and have migrated into the retina. X330. (B) Electron microscopy of labeled nucleus (N) in small, dense cell
in the photoreceptor layer of this RP retina. Note densification of the cytoplasm and absence of cytoplasmic
organelles. The adjacent Miiller cell processes (M) are hypertrophic and contain membranous cytoplasmic
inclusions (arrows). Area (*) is shown at higher magnification in Figure 1C. MN, Miiller cell nucleus. X4,140.
(C) Higher magnification view of area (*) in Figure 2B processed by the immunogold procedure for
demonstration of GFAP, which is localized to the process of a reactive Miiller cell. N, labeled nucleus. X17,130.

represent a step in rod cell degeneration [3; 8; 13; 14]. The Miiller cells adjacent to the labeled
cells had hypertrophic processes with CRALBP (+) cytoplasm and prominent GFAP (+)
filaments (Fig. 2C). The expression of GFAP in reactive Milller cells is consistent with
ongoing photoreceptor death in the RP retinas [8; 11]. Some of the Miiller cells contained
unusual membranous inclusions in the cytoplasm (Fig. 2B), which were unreactive with all
of the immunomarkers tested. We have observed similar Miller cell inclusions in other RP
retinas [Milam, unpublished], and their occurrence adjacent to TUNEL-positive cells sug-
gests that they may represent phagocytosed apoptotic debris.

Rods and cones in one retina (RPF#342) were organized in rosettes with phagocytes
in the lumina, as found in a previously reported RP retina (RPF#184; [11]). Some of the
phagocytes contained melanin granules and TUNEL-positive material, as well as membra-
nous inclusions resembling those in the Miiller cell processes. The phagocytes were weakly
immunoreactive for CRALBP but were negative for GFAP (a marker for reactive Miiller
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cells) and with HAM-56 (a marker for monocytic macrophages), suggesting that they were
RPE cells.

DISCUSSION

The presence of scattered apoptotic nuclei in cells of the photoreceptor layer is
consistent with the progressive death of rods and cones that occurs in RP. The finding of
apoptotic cells in retinas from patients with different genetic forms of RP agrees with reports
that photoreceptor death due to different gene mutations in rodents occurs by the final
common pathway of apoptosis. The labeled nuclei were found only in the retinas from the
two RP patients who had died in the third decade of life, and were not found in the normal
retinas or those from the older RP patients. A higher than normal rate of photoreceptor death
in the retinas from the two youngest donors may correlate with the loss of vision experienced
by many RP patients in the first three decades of life. Unfortunately, information was not
available on the visual histories of our two youngest RP donors.

However, the number of labeled nuclei was surprisingly low, in spite of use of flat
mounted retinas to increase sampling and the in situ nick translation method to increase
sensitivity. Like previous studies [3-6], we have found numerous labeled nuclei in retinas
from young mice with genetically-caused photoreceptor degeneration [Al-Ubaidi, Naash, Li
and Milam, unpublished]. Why were so few nuclei labeled in the human RP retinas? There
are several possibilities.

¢ First, TUNEL labeling is observed in apoptotic cells in non-retinal tissues for only
a brief time period (3 hr in liver cells [15]) and may be difficult to document in
RP retinas because photoreceptor death extends over decades in the life of the
patient. We found only a few labeled nuclei (1 to 5 per 10 mm?) in the retinas from
the two youngest RP patients. Assuming an apoptosis period of 3 hr, the calculated
rate of apoptosis in the RP retinas would be on the order of 8 to 40 photoreceptors
per 10 mm? per day. No measurements are available on the time period in which
an apoptotic photoreceptor is positive by TUNEL labeling, but if this value were
shorter than 3 hr, this calculated rate of apoptosis would represent an underesti-
mate. It is also possible that greater numbers of apoptotic cells would be found in
still younger RP patients, were such retinas available for comparable analysis. A
recent study [16] addressed the question of changes in the rod cell population in
normal human retinas with aging. It was calculated that a slow, steady loss of a
small number of rods at a given time could result in a major loss in the cells over
decades. For example, death of only 20 rods per 10 mm? per day would account
for the observed 30% loss of rods between age 34 and 90 yrs [16]. It is possible
that death of relatively small numbers of photoreceptors at a given time, but in
excess of that found with normal aging, leads to the marked loss of photoreceptors
in RP.

¢ Second, the likelihood of documenting this rather brief event is poor in the retinas
from older RP patients because they retain many fewer rods and cones. We could
not find labeled nuclei in the retinas of the next youngest (31 and 39 yr old) RP
donors in our series, probably because they each had more advanced disease,
retaining only a monolayer of cones in the macula and only scattered photorecep-
tors elsewhere in the retina. It will be important to examine additional human RP
retinas for apoptosis, although well preserved retinas from young RP donors that
retain significant numbers of photoreceptors are difficult to obtain.
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o Third, post mortem autolysis is a problem with the human retinas not encountered
with retinas of experimental animals. We used donor retinas with the shortest post
mortem times available, but this problem, which we have not found addressed in
the apoptosis literature, may affect the labeling results. However, we feel that the
importance of documenting the mechanism of cell death in the human retinas
outweighs the inherent technical problems.

Several features of apoptosis in the RP retinas resemble this process in other tissues.
The labeled nuclei were condensed, although we did not find examples of peripheral
chromatin margination or nuclear fragmentation. The dying cells, which were shrunken and
dense, lacked cytoplasmic organelles and intercellular junctions, and were negative for
certain proteins (opsins, arrestin) characteristic of differentiated rods and cones. They were
also negative for macrophage and Miiller glia markers, suggesting but not proving that the
dying cells in the photoreceptor layer were photoreceptors. We were unable to find labeled
nuclei in rods that showed delocalization of immunoreactive rhodopsin to the inner segment
surface membrane, suggesting that these cells, while degenerate, had not yet entered the
irreversible apoptotic pathway that includes DNA fragmentation.

No inflammatory infiltrate was observed around the apoptotic cells but there was
evidence of phagocytosis of cellular debris by adjacent retinal cells, including Miiller cells
and phagocytes probably derived from the RPE. Recent reports indicate that a similar
phagocytic function in dystrophic rodent retinas is performed by cone photoreceptors [3]
and by wandering phagocytes of unknown origin [4; 5]. Our finding of membranous debris
in the Miiller cell processes corroborates early observations of phagocytosis by Miiller cells
in RP retinas [17]. Phagocytosis of apoptotic residue by Miiller cells has also been demon-
strated in developing human retina [18]. The presence of apoptotic cells in RP would be
consistent with the up regulation in RP retinas of clusterin [19], which also occurs in brain
neurodegenerations involving apoptosis. DNA laddering by agarose gel electrophoresis has
been demonstrated in dystrophic rodent retinas [4-7], but the small number of apoptotic
nuclei identified in the RP retinas in our study probably would not yield sufficient amounts
of fragmented DNA for detection by this method.

The cascade of events in apoptosis and mechanisms of physiologic control of this
process are topics of active investigation. Efforts are underway to develop methods or agents
to regulate apoptosis in various neoplastic and inflammatory diseases. It is also desirable to
prevent premature neuronal cell death in inherited diseases of the central nervous system
and retina. Our results provide initial evidence that photoreceptor death in human RP occurs
by apoptosis and suggest that agents to inhibit apoptosis warrant evaluation as new therapy
for this disease.
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INTRODUCTION

Prolonged or high intensity visible light exposure leads to photoreceptor cell damage
and loss by incompletely understood mechanisms. In the rat retina, the sequence of events
associated with intense light damage is triggered by the bleaching of rhodopsin (1), and the
extent of damage is modulated by other photoreceptor cell proteins involved in visual
transduction (2). Thus, environmental light-rearing conditions that alter the steady state
levels of rhodopsin, a-transducin and s-antigen (arrestin) can affect the ultimate fate of visual
cells (2,3). However, irrespective of their prior light-rearing environment, when rats are
pretreated with natural or synthetic antioxidants, retinal light damage is less than in
unsupplemented animals (4-8). This indicates that intense light exposure also results in
oxidative reactions within the photoreceptor cell.

At this time, there is little information about the mechanisms by which retinal light
damage leads to visual cell death. It is known that the destructive reactions leading to
photoreceptor cell loss occur to a large extent during the dark period following acute-intense
light exposure. It is also known that the entire visual cell is affected, including the rod outer-
and inner-segments, the nucleus and even the synaptic end plate (1,9), at an early time during
light exposure. Recent studies implicating nuclear damage in photoreceptor cell death
suggest that both oxidative DNA damage and apoptosis can occur (10,11) and that transcrip-
tional changes in retinal mRNA are found during and after intense light exposure (12,13).

In this study, we describe some of the nuclear changes associated with retinal light
damage in rats. We have found that the loss of visual cell rhodopsin, retinal DNA strand
breaks and damage to the opsin gene are reduced in rats treated with the antioxidant
dimethylthiourea (DMTU) before light exposure. More recently, we have found that DMTU

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al.
Plenum Press, New York, 1995 9
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treatment is associated with a decrease in the expression of mRNA for retinal heme
oxygenase 1 (HO-1), a 32 kDa heat shock protein (12) that is a marker for oxidative stress
and a delay in the expression of mRNA for testosterone-repressed prostatic message
(TRPM-2), a marker of cellular apoptosis (13). Oxidative DNA damage also occurs after
intense light exposure, as measured by a seven-fold elevation of 8-hydroxydeoxyguanosine
(8-OHdG). Our findings support the hypothesis that intense light exposure initiates oxidative
damage of retinal DNA and enhances the transcription of retinal genes associated with
cellular protection and programmed cell death.

MATERIALS AND METHODS

Animal Maintenance and Light Exposure

Male albino Sprague-Dawley rats were purchased from Harlan Industries (Indi-
anapolis, IN) as weanlings and maintained in a weak cyclic light environment for 40-50
days before use. The cyclic light environment consisted of 12 hrs white light per day (on
08:00, off 20:00) at an illuminance of 20-40 lux. All rats were fed rat chow ad libitum
(Teklad, Inc., Madison, WI) and had free access to water. Animals between the ages of
60-70 days were dark adapted overnight and then exposed to intense light for up to 24
hrs, beginning at 09:00. Intense light exposures were in green Plexiglas chambers trans-
mitting light of 490-580 n meters (1), at an illuminance of 1500-1750 lux (~800 pW/cm?).
Twenty four hrs before, and just prior to light exposure, some rats were given IP injections
of DMTU, 500 mg/kg dissolved in saline. 1,3-dimethylthiourea was obtained from Aldrich
Chemical, Inc. (Milwaukee, WI). The DMTU-treated and -untreated rats were simulta-
neously exposed to intense light. Food and water were available to rats during the light
exposure period. At appropriate times during or after light exposure, rats were sacrificed
in a CO,-saturated chamber and used for rhodopsin determinations. For DNA and RNA
analyses, retinas were excised from experimental animals and frozen in liquid N,. The
overall paradigm of light treatment and tissue sampling times is shown in Figure 1. All
procedures employed in this study conformed to the ARVO Resolution on the use of
Experimental Animals in Research.

Rhodopsin, DNA and RNA Analyses

Rhodopsin. Whole eye rhodopsin levels were determined, to estimate the loss of
visual cells from intense light exposure. These measurements were performed 2 wks after
light treatment. The level of rhodopsin in experimental animals was compared to the level

Figure 1. Experimental time course for intense light exposure.
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in unexposed control rats maintained in darkness for the same 2 wk period. Procedures for
tissue dissection, rhodopsin extraction, and measurement have been described (14,15).

8-OHdG. Individual retinas were thawed in Applied Biosystems 1X Lysis Buffer
(urea/ CDTA/sarcosyl/Tris-Cl, pH 7.9), 2 mg/ml proteinase K, and incubated overnight at
37°C. Proteinase was inactivated by heating at 68°C for 15 min. Samples containing ~300
pg of retinal DNA were digested with RNase A (200 pg/ml) and purified manually by organic
solvent extraction using phenol:chloroform:isoamyl alcohol (24:24:1), and chloroform (16).
DNA was precipitated with ethanol and redissolved in 40 mM Tris-Cl, pH 8.0, 15 mM MgCl,
1 mM CaCly, 20 mM NaCl, and digested overnight with phosphodiesterase I (0.025 u),
DNase I (200 u), and alkaline phosphatase (0.05 u). Samples were clarified for HPLC by
centrifugation through a 3,000 MW cutoff ultrafilter.

Denaturing Gel Electrophoresis and Hybridization. Retinas, previously frozen in
liquid N2, were thawed in 1X Lysis Buffer and digested with proteinase K and RNase as
above (16). DNA was purified by automated extraction with phenol:chloroform, and chlo-
roform on an Applied Biosystems Nucleic Acid Extractor 340A, and precipitated with
ethanol. DNA was denatured by heating and electrophoresed overnight on alkaline 1.5%
agarose gels (30 mM NaOH, 1 mM EDTA). The gels were neutralized (40 mM Tris-Cl, pH
8, 1 mM EDTA) and stained with ethidium bromide.

Opsin Analysis. DNA was dissolved in 10 mM Tris-Cl buffer (pH 7.4) containing 1
mM EDTA, and digested with restriction enzyme BamH]1 using the reaction buffer and
conditions recommended by the supplier (Promega). DNA was repurified by phenol:chloro-
form extraction, precipitated, and electrophoresed on 0.5% denaturing agarose gels (30 mM
NaOH, | mM EDTA). DNA was blotted to nylon membranes by standard capillary transfer
(16), and visualized by hybridization to a 6.7 kb opsin genomic fragment probe (generously
provided by Dr. C. Barnstable) labeled with a->*P-dCTP using random primer extension.
Final stringency washes were in 0.1X SCC, 0.1% SDS, at 65°C. Filters were exposed to
Kodak XAR film at -80°C for autoradiography, and hybridization signals were quantitated
from the filters using a Molecular Dynamics Phosphorlmager.

RNA Analysis Total RNA was extracted from tissue samples using RNAzol B (Tel-
Test, Inc., Friendswood, TX) and subjected to 1.2% agarose gel electrophoresis in the
presence of 1.2% formaldehyde. The RNA was then capillary biotted onto an Immobilon N
membrane (Millipore Corporation, Bedford, MA), UV cross-linked and hybridized using
probes for rat HO-1, TRPM-2 or $-actin, as previously described (12,13).

The HO-1 probe was generated by RT-PCR from spleen poly (A)+ RNA prepara-
tions, using 5°- AAG GAG GTG CAC ATC CGT GCA and 5’- ATG TTG AGC AGG
AAG GCG GTC primers (12), which correspond to the 64-632 bp region of the cDNA
sequence reported for rat HO-1 (17). The TRPM-2 cDNA probe was obtained directly
from available plasmids (18). Human B-actin probe was obtained from Clontech, Palo
Alto, CA. Probes were radio-labeled with [a-3?P]dCTP by random priming to a specific
activity of not less than 10° cpm/pg (19). Hybridization was carried out at 42°C in the
presence of 50% formamide. The blots were washed under stringent conditions and
exposed to Kodak X-OMAT AR film. The intensities of individual bands on the film
were estimated using an LKB Ultrascan XL Laser Densitometer. Membranes were then
stripped and reprobed with the TRPM-2 probe and subsequently with the B-actin probe.
The HO-1 signals were normalized using the corresponding actin signals as controls for
RNA loading.
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Table 1. Rhodopsin levels in rats exposed to intense light (n mol/eye)*

Light Ed:C
layou
0 hrs 8 hrs 16 hrs 24 hrs table
DMTU —or+ - + - N - + oK?
. —Cor
Rhodopsin 21+01 20+02 21402 1.6+03 20+01 08£03 18x0.1
% of unexposed control 100 95 100 76 95 38 86

*Rhodopsin was measured 2 wks after intense light exposure. Results are the mean + SD for 4-16 pairs of
eyes.

RESULTS

Retinal Damage as Assessed by Rhodopsin Loss

Whole eye rhodopsin levels were measured 2 wks after light exposure to estimate
the relative losses of photoreceptor cells in DMTU-treated and -untreated rats. As shown in
Table 1, visual cell loss from intense light depends on the duration of exposure. In rats not
given DMTU, 24 hrs of intense light resulted in rhodopsin levels that were an average of
62% lower than found in controls. In comparison, only about 24% of the rhodopsin was lost
in -DMTU rats after 16 hrs of light exposure. For rats pretreated with DMTU, the average
loss of rhodopsin was only 14% after 24 hrs of light exposure; there was no significant
rhodopsin loss following 16 hrs of light exposure. Table 1 also shows that 8 hrs of light
exposure does not lead to photoreceptor cell loss in either the DMTU-treated or -untreated
rats.

Retinal DNA Damage as Measured by 8-OHdG

Table 2 indicates that oxidative changes in retinal DNA occur both during and after
intense light treatment. As measured by the relative levels of 8-OHdG, a marker of DNA
damage (20), there was extensive damage after light exposure. For rats not treated with
DMTU, 8-OHdG was about 1.5 fold higher than control after 24 hrs of light. Six hrs after
the 24 hr period of intense light exposure, 8-OHdG was 7 fold higher than in control retinas
and 4 fold higher than in retinas of 24 hr light-treated rats.

Table 2. 8-OHdG in retinal DNA (residues/10° deoxyguanosine

residues)*
Light exposure 0 24 24 hrs
Dark period 0 0 6 hrs
8-OHdG 35 5.8 25.1
% of control 100 165 717

*Retinal DNA was extracted under conditions which minimize
artifactual oxidation and digested extensively to
mononucleosides (20). The digest was filtered and analyzed by
HPLC by Dr. G. Claycamp (University of Pittsburgh). Results
are the average of 2 separate determinations.
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DNA Damage Detectable by Alkaline Gel Electrophoresis

Irregular chromatin condensation and nuclear pycnosis are among the earliest ob-
served changes in retinal histology after exposure of rats to intense light. To determine
whether these morphological alterations are associated with DNA damage at the molecular
level, rats were exposed to light for up to 24 hrs, and the retinal DNA was examined on
denaturing agarose gels (Figure 2). Under the alkaline conditions of electrophoresis, retinal
DNA from rats exposed to longer light treatments contained progressively shorter DNA
strands (lanes 1, 3, 5). Thus, with increasing duration of light treatment, there was a readily
detectable increase in the number of lesions in retinal DNA.

In rats exposed to intense light for 8- or 24-hrs, subsequent dark treatment (24 hr)
further increased the amount of shortened DNA strands (compare lanes 3 & 7; 5 & 9),
indicating that the initial light treatment triggered a pathway of DNA damage which
continued in the dark. Both the initial DNA damage and the subsequent dark reaction were
strongly inhibited by the antioxidant DMTU (compare odd and even # lanes), suggesting an
essential role for free radicals in the DNA damage process.

Effects of Visible Light on the Opsin Gene

In order to quantitate the incidence of light-induced DNA damage, a region of retinal
DNA containing the opsin gene was examined. Rats were exposed to light for 0, 4 or 8 hrs,
without (- lanes) or with (+ lanes) DMTU pretreatment. DNA was isolated, digested with
BamH1 to yield a 14 kb fragment containing the opsin gene, electrophoresed on denaturing
agarose gels and transferred to nylon membranes for visualization by hybridization to a
radiolabeled opsin genomic probe (Figure 3, upper panel). A single DNA strand break in the
14 kb opsin fragment would produce smaller fragments of greater electrophoretic mobility,
decreasing the 14 kb signal detectable by the opsin probe.

Quantitation of the hybridization signals (normalized per pg DNA) showed a pro-
gressive decrease in signal from the opsin DNA region with increasing light exposure (Figure
3, lower panel). The loss of signal (~50% by 8 hr) suggests that, on average, 50% of the
copies in the opsin gene region had been damaged. Examination of the entire retinal genome
(Figure 2) suggests that the extent of damage in the opsin gene is representative of damage

Figure 2. DNA strand break analysis by
alkaline gel electrophoresis. Rats were
exposed to light for the indicated times,
without (lanes 1, 3, 5, 7, 9) or with (lanes
2,4,6,8,10) DMTU pretreatment. Some
rats were then moved to a dark environ-
ment for 24 hr following light treatment
(lanes 7-10). DNA was prepared as de-
scribed in materials and methods. M;
size marker (in kb), lambda phage DNA
digested with restriction enzyme Hind
118
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(14kb) Figure 3. Light induced damage

in the opsin gene of retinal DNA.

Rats were exposed to light for the

indicated times, without (— lanes)
. or with (+ lanes) DMTU pretreat-
ment. DNA was prepared as de-
scribed (16), and quantitated by
ethidium bromide fluorescence.
Following electrophoresis on an
alkaline agarose gel, the gel was
12F neutralized and stained with
L _T ethidium bromide for requantita-
08t tion of the DNA. Southern trans-
’ fer to nylon membranes, and
- hybridization followed standard
04l procedures. Relative intensity;
hybridization signal per mg DNA
relative to the -DMTU, unex-
0 ! posed rat retinal DNA in lane 1.

Relative Intensity / ng DNA

to the overall genome, confirming that visible light treatment can cause a substantial increase
in retinal DNA damage.

The results of DMTU treatment were striking. Even in rats not exposed to intense
light, DMTU increased the amount of signal from the undamaged 14 kb opsin gene DNA
(Figure 3 “0 hrs light”). This implies that, even under cyclic light rearing conditions, there
is a substantial load of steady-state DNA damage which reflects the equilibrium between
DNA damage and repair. With 4 hrs and 8 hrs of light treatment, DMTU significantly
protected the opsin DNA from attack, corroborating the view that free radicals play an
important role in light-induced DNA damage.

Changes in Retinal Gene Expression Determined by Northern Analysis

The effect of intense light exposure on the retinal expression of HO-1 mRNA in
DMTU-treated rats and -untreated rats was investigated by Northern blot analysis. Figure 4
shows the results of three separate experiments (panels A-C) in which a marked increase in
HO-1 mRNA was observed following light exposure (control). In unexposed animals, the
HO-1 signal was barely detectable. Relative to the actin signal, increases in HO-1 message
were 27- and 70-fold following 12- and 24-hrs of light, respectively. Keeping the animals
in darkness for 24 hrs following 24 hrs of light exposure caused the HO-1 signal to decrease
considerably from the elevated level, i.e., from 70- to 37-fold. Animals pretreated with
DMTU (treated) showed a much lower induction of HO-1 than those not treated with the
antioxidant (control), 2- vs 27-fold at 12 hrs; and 12- vs 70-fold at 24 hrs. HO-1 expression,
however, continued to increase in the DMTU-treated animals during the 24 hr dark period
after light exposure.

In contrast to HO-1 mRNA, TRPM-2 mRNA was readily detectable in control retinas
not exposed to intense light (Figure 5). As with HO-1 expression, however, the signal was
markedly increased upon light exposure. Moreover, pretreatment of rats with DMTU delayed
the light- induced increase in TRPM-2 mRNA levels seen in rats not given DMTU for up to
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Figure 4. Light induced changes in HO-1 mRNA.
Retinal RNA preparations (15 mg) from 2 eyes of
individual animals were analyzed for HO-1 and
B-actin by the Northern blot technique; control =
untreated rats, treated = DMTU treated rats. Panels
A, B and C represent 3 different experiments (12)
[with permission].

12 hrs. The levels of TRPM-2 mRNA in DMTU-treated animals after 12 hrs of light exposure
were similar to those found in rats not exposed to light. TRPM-2 expression, therefore, also
appears to be affected by oxidative stress. However, after 24 hrs of light exposure, TRPM-2
levels in the DMTU-treated animals were comparable to those observed in untreated animals
exposed to 12 hrs of light. This increase, as well as the increase in HO-1 expression, may be

Figure 5. Changes in TRPM-2 expression asso-
ciated with light-induced damage. Northern blot
analysis of retinal TRPM-2 in untreated and
DMTU-treated animals. Animals were sacri-
ficed at either 9:00 a.m. or 9:00 p.m. Animals
that were not exposed to light were also sacri-
ficed at 09:00 or 21:00 (*). Each lane contained
25 pg of total retinal RNA from the 2 eyes of
individual animals. Panels A and B represent
separate experiments using different groups of
animals (with permission 13).
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due to the depletion of DMTU from the retina over the subsequent 12-24 hr period of light
exposure or darkness.

DISCUSSION

This study demonstrates remarkable changes in retinal nuclei from rats exposed to
intense visible light. As measured by ethidium bromide staining of total retinal DNA or by
specific damage to the opsin gene, significant DNA damage occurs as a result of light
exposure. The light-induced effect on retinal DNA appears to be oxidative in nature because
8-OHdG levels were elevated and DMTU treatment of rats decreased both the extent of DNA
strand breaks and the overall loss of visual cell rhodopsin. Although both natural and
synthetic antioxidants have previously been shown to decrease retinal light damage in rats
(4-8), this report is, to our knowledge, the first study demonstrating a protective effect by
DMTU on retinal DNA. DMTU treatment also reduced the expression of HO-1 mRNA and
delayed the over-expression of TRPM-2 mRNA in rat retinas. These nRNAs have previously
been shown to be increased by intense light exposure (12,13). Taken together, our findings
support the hypothesis that visible light leads to an increase in oxidative stress in the retina
which may lead to visual cell death.

Whereas the mechanism of oxidative damage in the retina remains unknown, the
time course of DNA damage indicates that it begins early in the pathological process and
that it progresses rapidly in the dark period after exposure. This was apparent from the
loss of integrity of the opsin gene after only 4-8 hrs of light exposure, and by the
duration-dependent increase in DNA damage over the entire retinal genome. As deter-
mined by the additional increase in DNA damage after light exposure and the 7-fold
increase in 8-OHdG, oxidative DNA damage appears to be a major manifestation of visual
cell loss after light treatment.

This relationship, however, is complicated by the process of DNA repair which
presumably occurs almost simultaneously with damage. Whereas DNA damage was
apparent after only 8 hrs of light exposure, rhodopsin loss measured as an end point of
damage 2 wks later did not occur until at least 16 hrs of light treatment. The retina also
increased its expression of HO-1 mRNA following 12 hrs of light exposure. HO-1 is a
32 kDa heat shock protein, inducible by oxidative stress in cells where it is thought to
afford protection against oxidative damage (12). At this time, it is unknown whether
HO-1 is expressed exclusively in photoreceptors, in the inner retinal layers, or in all
retinal cell types. Increased HO-1 expression, however, suggests that the retina exhibits
multiple forms of protection when subjected to light-induced oxidative stress. Additional
work will be required to define the relationship between DNA damage and repair and
other protective responses in the retina.

The mechanism(s) of visual cell death from light also remains an open question. Tso
and associates (10) have presented evidence for both oxidative and apoptotic changes in
retinal photoreceptors upon light exposure. Our findings of increased retinal DNA damage
and increases in both HO-1 and TRPM-2 mRNA expression in light-exposed retinas (13)
strongly suggest that both processes occur. The fact that DMTU delayed the onset of TRPM-2
expression also suggests a relationship between this apoptotic cell marker (18) and oxidation
in the light-exposed retina. Whether visual cell death arises from oxidative DNA damage,
apoptosis, or both, the rat model of in vivo light-induced retinal degeneration offers a unique
opportunity to study the mechanism of cellular death and protective mechanisms that
maintain visual function.
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SUMMARY

Apoptotic cell death is observed in acute retinal lesions in the albino rat induced by
relatively low light levels and short exposure durations (1000 lux and 3000 lux diffuse, white
fluorescent light for 2 h). At higher illuminances and extended post - exposure intervals,
necrotic cell death is prominent. In our model, the threshold for apoptosis is at 1000 lux for 2
hrs. Distinct morphological signs of apoptosis with chromatin - and cytoplasmic condensation
in rod photoreceptors appear within 60 minutes after the onset of light exposure and increase
thereafter. 24 hours after exposure, presumed apoptotic bodies, cellular debris and necroses
prevail. In situ DNA end labeling reveals DN A breaks in rod nuclei. Agarose gel electrophoresis
after DN A extraction from light exposed retinae shows the “ladder” formed by DNA fragments
of nucleosomal size (180 to 200 bp or multiples). In the pigment epithelium, apoptosis is seen
24 h after the light exposure. Potential mediators of apoptosis may include arachidonic acid and
some of its metabolites which are evoked by light exposure and induce apoptosis in other cells.

INTRODUCTION

Apoptosis is known as a specific type of cell death first described in tissue- and organ
development as histogenetic cell death. This physiological cell death is “programmed” and
regulated by gene expression. Apoptosis is also observed in numerous mature tissues such
as the immune system, neurons, various cell- and tissue cultures and cancer cells and is
induced by a wide variety of physiological and non-physiological stimuli. Similarly, various
agents can suppress apoptotic cell death (24,30). Multiple genes are directly involved in
regulating cell death and a large number of genes is expressed coinciding with the occurrence
of apoptosis (23). Furthermore, there are multiple known or suspected signalling molecules
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contributing to the regulation of apoptosis. Essential biochemical steps in apoptotic cell
death, however, are not fully elucidated.

In the retina, apoptosis has been described during development (13,31). In donor eyes
of patients who had suffered from the inherited dystrophy retinitis pigmentosa (RP), an altered
gene expression was found that possibly leads to apoptotic cell death (8). In several animal
models of RP, apoptotic cell death is observed and possibly linked to the known genetic defects
(5,10,14,27). An induced retinal degeneration occurs after bright light exposure in rodent
models (12). Apoptotic cell death was observed after relatively long exposure to high levels of
green light (1,25) and after short term exposure to moderate levels of diffuse white light (26).
So far, no other light damage studies reported on apoptotic cell death in the retina.

The present study shows that light exposure induces apoptotic cell death in retinal
photoreceptors as defined by light- and electron microscopy and confirmed by in situ DNA
end labeling, and nucleosomal size DNA fragmentation.

MATERIALS AND METHODS

All experiments were performed in triplicate and conducted in accordance with the
ARVO Resolution of the Use of Animals in Research. Male albino rats of about 300 gr (8 -
10 weeks of age) were dark adapted for 36 h and exposed to 1000 Ix or 3000 Ix of diffuse,
white, overhead fluorescent light for 2 h, followed by 2 h of darkness and transferred to their
regular light - dark cycle. Dark adapted unexposed rats served as controls. Rats were retrieved
from the respective light exposure or from darkness following light exposure every 15
minutes. After 24 h, another group of light exposed rats was retrieved. After decapitation of
the animals, the eyes were rapidly enucleated and processed for light- and electron micros-
copy and histochemistry or the retinae were gently extruded through a slit in the cornea (29)
and processed for gel electrophoresis. For light- and electron microscopy, the upper and
lower central retinae were trimmed under a dissecting microscope equipped with a red filter
and processed for microscopy (20). For histochemical in situ end labeling of DNA breaks,
the TUNEL method (TdT-mediated dUTP-biotin nick end labeling) was used (6). For gel
electrophoresis, fragmented DNA was isolated by phenol dichloromethane extraction and
visualized on ethidium bromide stained agarose gels (28).

RESULTS

Our model of acute, light-induced photoreceptor lesions reveals initial alterations in
rod outer segment (ROS) tips consisting of dilations and vesiculations of disks that increase
with increasing illuminance levels and extend towards the base of ROS but do not affect the
remainder of the cell (20). At an illuminance of 1000 Ix for 2 h, a turning point is observed
with changes seen in both photoreceptor nuclei and inner segments. The latter changes are
consistent with the characteristics of apoptotic cell death. In specimens from rats exposed
to 1000 Ix for 2 h, apoptosis in photoreceptors is confined to the lower central retina with
few scattered pycnotic nuclei and condensed cytoplasm in the inner nuclear- and ganglion
cell layer. 1 h after the onset of light exposure, several photoreceptor nuclei show condensed
chromatin and scattered inner segment (IS) densifications. 2 h of light exposure result in
chromatin condensations and distinct IS densifications in numerous photoreceptors (Fig. 1a).
24 h after the light exposure, a large amount of photoreceptors shows condensed chromatin
but IS densifications are no longer discernible. Some cells show cytolytic changes consisting
of swollen and lightened IS. The prominent feature is cellular debris and presumed apoptotic
bodies with scattered macrophages in the area of the pigment epithelium (PE) and photore-
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Figure 1. Light micrographs depicting retinae
exposed to 1000 Ix (a, ¢, d) or to 3000 Ix (b) of
white light for 2 hours. a) The outer nuclear layer
(ONL) shows numerous densely stained nuclei
(*) and multiple normal appearing chromatin
patterns, the cytoplasm of several rod inner seg-
ments (RIS) is condensed (7). Bar = 10 pm. b)
The ONL shows abundant densely staining nu-
clei (*) with only few normal appearing chroma-
tin patterns. Numerous RIS show condensed
cytoplasm (T). Note the burst of phagosomes in
the PE. Bar = 10 pm. ¢) TUNEL staining shows
numerous stained nuclei in the ONL indicating
DNA - breaks typical of apoptosis. Bar = 10 pum.
d) Control section for TUNEL staining with no
positive cells after the omission of cobalt chlo-
ride, the cofactor for terminal transferase. Bar =
10 pm.

ceptor layer. Notably, apoptotic changes in the PE first appear 24 h after light exposure.
These consist of peripheral chromatin clumping and condensation of the cytoplasm (Fig. 2
a-c).

Atanilluminance of 3000 Ix for 2 hrs, apoptosis in photoreceptors occurs in the upper
and lower central retina with few scattered pycnotic nuclei and condensend cytoplasm in the

Figure 2. Micrographs depicting pigment epithelial cells from rats exposed to 1000 Ix of white light for 2 h,
followed by 2 h of darkness and returned to the regular LD - cycle for 24 h. a) Peripheral chromatin clumping
(1) is distinct. Bar = 10 um b) Nuclei show highly condensed chromatin (1), the cytoplasm is shrunken and
condensed (*). Bar = 10 um c) Electron micrograph showing peripheral chromatin clumping (1) of a PE cell
nucleus (N). Bar = 1 pm.
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Figure 3. Electron micrographs showing fea-
tures seen in photoreceptors after exposure to
1000 1x or 3000 Ix white light. a) 60 minutes
after the onset of light exposure, various stages
of chromatin changes are observed indicating
various stages of apoptosis. E: early stage, I:
intermediate stage, L: late stage. Bar =2 um. b)
End - stage nucleus (*) showing extremely con-
densed chromatin and rounded shape visible af-
ter two hours of light exposure. Bar =2 p. ¢) 60
minutes after the onset of light exposure, distinct
condensation of RIS (1) is apparent next to nor-
mal looking cells (*). Bar =2 pum. d) RIS show-
ing the typical signs of necrotic cytolysis (*)
with swollen cell body, translucent cytoplasm
and mostly destroyed cellular organelles. Adja-
cent cells show apoptotic condensation of their
cytoplasm (M. Bar=2 um.

inner nuclear layer and the ganglion cell layer. 1 h after the onset of light exposure,
photoreceptors show numerous nuclei with condensed chromatin and dense IS with a marked
increase after 2 h of light exposure (Fig. 1b). At this time, cytolysis in IS is observed. These
changes distinctly increase during the dark period following the light exposure. 24 h after
the light exposure, there are abundant pycnotic nuclei but no IS densifications. Numerous
presumed apoptotic bodies and cellular debris with macrophages in the outer retina are seen.
Cytolysis in IS is distinct. The PE reveals apoptosis 24 h after light exposure with peripheral
chromatin clumping and condensed cytoplasm.

Electron microscopy clearly demonstrates different stages of photoreceptor chroma-
tin condensations from initial weak densifications to extremely electron dense, shrunken
endstage nuclei. Furthermore, IS alterations consisting of cytoplasmic densification and
shrinkage or cytolytic changes revealing swollen and electron lucent cytoplasm with frag-
mentation of organelles is confirmed (Fig. 3 a - d).

Histochemical in situ end labeling confirmed the presence of DNA breaks in photo-
receptor nuclei at 1000 1x and 3000 Ix exposure (Fig. 1 c,d). In specimens exposed to 1000
Ix for 2 h, staining is confined to the lower, central retina corresponding to the morphological
appearance of apoptosis. In specimens exposed to 3000 Ix for 2 h, numerous dark staining
cells appear in the ONL and scattered stains in the inner nuclear- and ganglion cell layer. In
addition, background staining is fairly uniformly increased in all cellular layers.

Gel electrophoresis demonstrates nucleosome - size DNA breaks of 180 - 200 bp or
multiples which results in the “ladder” appearance characteristic of apoptosis in many but
not all tissues (2,11). After 1000 Ix exposure, only minor fragmentation is seen whereas after
3000 Ix, distinct bands of fragmented DNA are recognized. 24 h following exposure to 3000
Ix, the ladder is obscured by a smear of degraded DNA which is consistent with the
development of cellular necrosis (Fig. 4a, b).

DISCUSSION

Our model of acute light-induced photoreceptor lesions clearly reveals the turning
point from changes seen only in ROS to alterations affecting the entire photoreceptor cell



Light-Induced Apoptosis in the Rat Retina in Vivo 23

Figure 4. After DNA extraction from light exposed retinae, nucleosomal size DNA fragments of 180 - 200 bp
subunits or multiples appear in 1,8% agarose gel electrophoresis as a “ladder”. D: dark adapted retinae without
visible DNA fragmentation, L: light exposed retinae showing DNA fragmentation, T: thymus extract from
young rats showing DNA fragmentation as positive controls, M: Molecular weight markers. a) A fter exposure
to 3000 Ix for 2 hrs, a distinct ladder is apparent. b) 24 hours following an exposure to 3000 Ix, a ladder can
hardly be recognized, whereas distinct irregular DNA fragments indicating cellular necrosis are visible.

(21). The relatively synchronized onset of the apoptotic response may permit us to modify
this response with various agents and to study regulative mechanisms and gene expression.

The different stages of apoptotic cell death in the light damaged retina resemble those
found in other tissues (3). The morphology of photoreceptor chromatin and the time of
appearance of apoptotic bodies, however, are different from that described in many other
cell types. No peripheral chromatin clumping occurs after light exposure but rather a
progressive “in situ” condensation of the central parts leaving a highly condensed endstage
nucleus. The occurrence of presumed apoptotic bodies is seen only 24 h after light exposure.
At this time point, cellular fragments resulting from necrotic cell death are also found and
cannot consistently be distinguished from late stage apoptotic bodies. This is supported by
gel electrophoresis where at 24 h the ladder is obscured by a smear of degraded DNA
resulting from cellular necrosis. Perhaps the removal of apoptotic bodies requires more time
in the retina than is usually observed in other tissues resulting in a coincidence with necrotic
debris. Alternatively, the removal is very fast and was missed in our study.

Autophagic vacuoles are abundant in apoptotic and normal rod inner segments
confirming our earlier work on light - induced autophagy (18). Autophagic degradation of
cytoplasmic organelles such as mitochondria, endoplasmic reticulum or parts of the Golgi
zone may precede apoptotic death of the entire cell.

In general, no clear distinctions are available between pycnotic and apoptotic nuclei.
Pycnosis is collectively used for a highly condensed and shrunken nucleus. This description,
however, does not imply the information whether or not the process is apoptotic. Only
additional investigations such as in situ end labeling, gel electrophoresis and different stages
of chromatin and cytoplasmic changes observed by electron microscopy help to elucidate
underlying mechanisms.

Apoptosis in the PE was found to lag behind apoptosis in photoreceptors, occuring
24 h after light exposure. The reason for this difference in timing is unkown. Conceivably,
apoptosis in the PE is induced by secondary tissue changes following the light exposure.

The apoptotic response in our model occurs rapidly after the onset of light exposure
compared to induced apoptotic responses in several other tissues. Which potential mediators
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may be available for activation? Earlier work in our laboratory had shown a light evoked
release of arachidonic acid (AA) as a function of illuminance time and intensity (9).
Similarly, a light dependent synthesis of AA metabolites was shown (17), including leuk-
otriene B4 (LTB ,), 5-hydroxyperoxy- eicosatetraenoic acid (5-HPETE) and thromboxane
B, (TXB ,). It is noteworthy that AA and oxygenated metabolites are potent inducers of
apoptosis (4) via gene expression in other tissues. Similar mechanisms may occur after light
exposure in the retina. Reactive oxygen intermediates (ROI) induced by several mechanisms
have been postulated as strong effectors of apoptosis (4). Intracellular ROI may activate
proapoptotic genes through oxidative stress - responsive nuclear transcription factors (4). In
retinal light damage, oxidative stress may occur through several photochemical mechanisms
and may constitute an important cause of acute cellular lesions. Depending on the light dose
and the experimental paradigms, apoptotic cell death may thus be a distinct process during
early stages of light damage. Exposure to high illuminance levels for long durations (days
to weeks) may evoke predominantly necrosis, whereas relatively short exposures (few hours)
to moderate light levels may induce mainly apoptosis. The occurrence of oxidative stress
even at relatively low light levels is supported by our earlier work, where a radioprotective
agent and a platelet - activating factor antagonist significantly reduced acute ROS lesions in
the retina (19,22). The prevention of apoptosis of cultured neurons by cycloheximide was
attributed to the shunting of cysteine from protein synthesis to glutathione (15). The
protooncogene bcl-2 blocks apoptosis in multiple experimental situations (16) and acts in
an antioxidant pathway (7). Similar mechanisms may be able to protect the retina from
apoptotic cell death.

The concept of dose dependence of apoptotis may be important in retinal pathology
and ageing. Gradual cell loss during ageing and in the course of induced retinal degeneration
may occur through apoptosis. Repeated exposures to bright light or other noxious agents
may lead to augmented apoptotic cell death over a lifetime of an individual. The suscepti-
bility to such factors may be genetically determined.
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INTRODUCTION

The pathogenesis of photic retinopathy has been actively investigated for many years.
Although the exact pathogenic mechanism involved in light-induced photoreceptor degen-
eration remains unknown, certain hypotheses were made based on previous animal studies
[1-8]. Free radical formation and lipid peroxidation are among the most widely accepted
hypotheses regarding the pathogenesis of photic retinopathy [1-5]. In addition, possible roles
for protein synthesis and alteration of intracellular Ca>* concentration in light-induced
photoreceptor cell death have been suggested [6-8]. Protein synthesis inhibitors, such as
cycloheximide and Ca** channel overload blockers, such as flunarizine, were both demon-
strated to have ameliorative effects on retinal photic injury [6-8]. These findings provided
supportive evidence of the possible involvement of protein synthesis and alteration of
intracellular Ca®* concentration in retinal photic injury. However, the mechanism whereby
these two factors ameliorated light-induced photoreceptor cell death was not determined.

Using morphological criteria, Shahinfar et al observed the presence of apoptotic
photoreceptor cells in the early phase of photic retinopathy [6]. This intriguing observation
opened a new approach to the understanding of light-induced photoreceptor cell death.

The regulation and mechanisms of apoptosis are complex. A number of intracellular
events were described in apoptotic cells [9]. The activation of calcium/magnesium-depend-
ent endonuclease and the resultant cleavage of the double-stranded DNA into monomers and
multimers of 180-200 base pair DNA subunits is believed to be an important step involved
in apoptosis [10,11]. Protein synthesis [12-19] and alteration of intracellular calcium
concentration [17,20-25] are among the other intracellular events associated with apoptosis.
However, these two intracellular events are not required for all examples of apoptosis [26,27]
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and have not been shown to occur in apoptosis of photoreceptor cells secondary to photic
injury.

In the present study, we attempted to explore the regulatory mechanisms of light-in-
duced photoreceptor cell death. We studied the effect on photic retinopathy of intravitreally
injected cycloheximide, a protein synthesis inhibitor, and flunarizine, a Ca?* channel
overload blocker. The criteria used to define apoptosis included morphology of the light-in-
jured photoreceptor cells, terminal deoxynucleotidyl transferase (TdT)-mediated biotin-
dUTP nick end labeling (TUNEL), and agarose gel electrophoresis of retinal DNA. These
morphological, immunohistochemical and biochemical criteria for apoptosis were success-
fully applied to the apoptotic photoreceptor cells by Chang et al in rd, rds and rhodopsin
mutant mice and by Tso et al in RCS rats [28,29].

MATERIALS AND METHODS

Preparation of Reagents

Cycloheximide and flunarizine (Sigma Chemical Co., St. Louis, MO) were dissolved
in 0.9% sterile saline and 40% dimethyl sulfoxide (DMSO) in phosphate-buffered saline
(PBS), respectively. The concentrations used for intravitreal injections were 0.25 mg/ml of
cycloheximide and 1.5 mg/ml of flunarizine. The doses of cycloheximide and flunarizine
were designed based on those used in previous studies [6,7,13,30].

Animal Preparation

Forty-eight 35-day-old male albino Lewis rats (Harlan Sprague Dawley, Inc., Indi-
anapolis, IN), weighing 180-220 grams, were divided into six groups of eight rats each. All
rats were kept in 12-hour cycles of light (5 foot candles) and darkness for 14 days and
dark-adapted for 24 hours. They were then exposed to fluorescent light (490-580 nm,
300-320 foot candles) for 12 hours at 26°C. Immediately after light exposure, intravitreal
injections of 2 ul of cycloheximide (0.25 mg/ml) (group 1), normal saline (vehicle control
for cycloheximide) (group 2), flunarizine (1.5 mg/ml) (group 3), or 40% DMSO in PBS
(vehicle control for flunarizine) (group 4) were given to the first four groups. The injection
site was 1 mm behind the limbus at the junction between the peripheral retina and ciliary
body. Rats in group 5 were similarly punctured with a needle but did not receive an
intravitreal injection. They served as light-exposed, punctured controls. Group 6 did not
receive any intravitreal injection or puncture and served as light-exposed, non-treated
controls. All rats were allowed to recover in total darkness until they were killed 24 hours
after light exposure.

From each group the left eye of each animal was enucleated for DNA agarose gel
electrophoresis. Four of the eight right eyes from each group were prepared for TUNEL, and
the remaining four right eyes were prepared for morphologic and morphometric studies. All
procedures involving animals were in accordance with the Resolution on the Use of Animals
In Research established by the Association for Research in Vision and Ophthalmology.

Morphologic and Morphometric Study

Eyes enucleated for morphologic study were fixed in 4% buffered formaldehyde and
1% glutaraldehyde. The anterior segment was removed, and the posterior segment was
divided into superior, inferior, nasal, and temporal quadrants, and the tissue was osmicated,
dehydrated in graded alcohol, and embedded in epoxy resin. Sections from all quadrants
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were then evaluated morphologically for light damage. Morphometry of the outer nuclear
layer (ONL) was performed by measurement of the ONL thickness along the entire length
of the section of each quadrant using a customized image processing system described
previously [7]. Measurements obtained from four quadrants of each eye were averaged to
obtain a representative ONL thickness for the entire eye. Ultrathin sections from the
representative areas of the superior quadrants were examined by electron microscopy.

TUNEL

Eyes enucleated for TUNEL were kept in Davison’s fixative overnight at 4°C. The
eyes were opened superiorly at the ora serrata to remove the lens. They were then bisected
vertically through the optic nerve head, processed, and embedded for paraffin sectioning.
TUNEL was performed in situ on 5-um-thick paraffin sections essentially as described by
Gavrieli et al [31] except that the proteinase K step for tissue digestion was omitted. In this
technique, the tissue sections were deparaffinized, rehydrated, and incubated in methanol
containing 0.3% H,0, to block endogenous peroxidase. The sections were washed in
distilled water. After a rinse in TdT buffer (30 mM Trizma base, pH 7.2, 140 mM sodium
cacodylate, and 1 mM cobalt chloride), the sections were incubated with TdT buffer
containing TdT and biotinylated dUTP for 60 minutes. Then, TB buffer (300 mM sodium
chloride and 30 mM sodium citrate) was used to terminate the reaction. The sections were
washed with double distilled water and incubated with peroxidase-conjugated streptavidin.
Staining was developed in diaminobenzidine (DAB).

Quantification of TUNEL-Positive Photoreceptor Nuclei

TUNEL-positive nuclei in the ONL were quantified from two selected segments of
each retina, each of which measured 0.4 mm in length. The first segment was chosen to be
located 0.4 mm superior to the optic nerve head, and the second segment was 0.4 mm superior
to the first segment. Two sections from each retina were counted. The average number of
TUNEL-positive nuclei in each 0.4-mm retinal segment was used to represent the density
of TUNEL-positive photoreceptor nuclei of each retina.

Retinal DNA Agarose Gel Electrophoresis

Eyes enucleated for DNA agarose gel electrophoresis were bisected at the ora serrata
and the lens was removed. The retinas were dissected from the underlying tissues and were
transferred to liquid nitrogen. They were then kept frozen in -70°C until extraction and
analysis of DNA with a previously described method [32]. With this technique, the frozen
retinas were thawed and vortexed in a buffer containing 50 mM of ethyle-
nediaminetetraacetic acid (EDTA), 0.5% SDS and 20 mM of Tris-hydrochloride at pH 8.0.
RNase A was added to a final concentration of 100 ug/ml. After incubation for 30 minutes
at 42°C, proteinase K was added to a final concentration of 400 ug/ml. The samples were
then incubated at 55°C until clear lysates were produced. The lysates were extracted with
phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/isoamyl alcohol (24:1) before
precipitation of DNA with 3M of sodium acetate and ice cold ethanol. The DNA was analyzed
for internucleosomal cleavage by electrophoresis through a 2% agarose gel. DNA in the gel
was visualized by ultraviolet light after staining with ethidium bromide and was photo-
graphed using a Polaroid MP-4 system.

Statistical differences in the ONL thickness and the counts of TUNEL-positive
photoreceptor nuclei between the drug-treated and non-treated groups were analyzed by
one-way analysis of variance.
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Figure 1. Morphological changes (A) and TUNEL labeling (B) of light-exposed, non-treated control retinas
at 24 hours of dark recovery after 12 hours of light exposure. IS: inner segments. OS: outer segments.

RESULTS

Morphological Evaluation by Light Microscopy

The light-exposed control retinas that received no treatment exhibited thinning and
disorganization of the ONL with marked loss of photoreceptor cells and presence of
numerous densely stained and shrunken nuclei. Shrunken nuclei were occasionally noted in
the inner segments. The inner and outer segments were distorted and shortened. The retinal
pigment epithelium (RPE) was mildly vacuolated (Figure 1A). The morphological changes
of the light-exposed, punctured control retinas were comparable to those of the light-ex-
posed, non-treated control retinas (data not shown).

Retinas of the vehicle (0.9% normal saline) controls for cycloheximide exhibited
mild thinning and disorganization of the ONL with mild loss of photoreceptor cells and
presence of scattered, densely stained, and shrunken nuclei. The inner and outer segments
were markedly distorted. The RPE showed mild vacuolation (Figure 2A). The cyclohexi-
mide-treated retinas appeared similar to the vehicle control retinas; however, the inner and
outer segments were better aligned (Figure 2B).

Retinas of vehicle (40% DMSO) controls for flunarizine showed mild thinning and
disorganization of the ONL with scattered densely stained and shrunken nuclei. The inner
and outer segments were well aligned. Macrophages were noted in the subretinal space. Focal
loss of RPE was seen (Figure 2C). The ONL of the flunarizine-treated retinas appeared
similar to the vehicle control retinas but with less densely stained, and shrunken nuclei. The
inner and outer segments were distorted. The RPE was only mildly vacuolated. No focal loss
of the RPE was observed (Figure 2D).
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Figure 2. Effects of cycloheximide and flunarizine on retinal morphological changes at 24 hours of dark
recovery after 12 hours of light exposure. (A) Retina of vehicle (0.9% normal saline) control for cycloheximide.
There was mild thinning and disorganization of the ONL and scattered densely stained, and shrunken nuclei.
Inner segments (IS) and outer segments (OS) were markedly distorted. RPE showed mild vacuolation. (B)
Cycloheximide-treated retina. Compared with retina of vehicle control, the ONL appeared similar but the IS
and OS were better aligned. RPE was mildly vacuolated. (C) Retina of vehicle (40% DMSO) control for
flunarizine. There was mild thinning and disorganization of the ONL and scattered densely stained, and
shrunken nuclei. IS and OS were well aligned. Macrophages were noted in the subretinal space. Focal loss of
RPE was seen and the remaining RPE showed marked vacuolation. (D) Flunarizine-treated retina. ONL
appeared similar to that of the vehicle control retina but with less densely stained and shrunken nuclei.
However, the IS and OS appeared more distorted than those of the vehicle control retina. Mild vacuolation of
RPE was seen. No focal loss of RPE was observed.

Morphologic Evaluation by Electron Microscopy

Morphologically, the light-injured photoreceptor cells in the treated and control
retinas exhibited typical ultrastructural features of apoptosis by electron microscopy. The
light-exposed, non-treated control retinas are shown in Figure 3. The light-injured photore-
ceptor cells were scattered throughout the ONL. There was early central condensation of
nuclear chromatin with islands of densification. The densely stained, and shrunken nuclear
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Figure 3. Representative nuclear changes in the light-injured photoreceptor nuclei at 24 hours of dark recovery
after 12 hours of light exposure. (A) Early nuclear changes included central condensation of chromatin with
islands of densification. Margination of chromatin to the periphery of the nucleus was observed with a
perinuclear halo. (B) Chromatin became uniformly dense. (C) Chromatin aggregated into circumscribed dense
masses that gave an electron-lucent appearance centrally. (D, E) Further chromatin margination gave an
electron-lucent appearance centrally. (F) End stage of photoreceptor cell degeneration showed dissolution of
chromatin, breaks in nuclear membrane, and disintegration of cytoplasmic contents (X 15,000).

chromatin underwent margination followed by disintegration with subsequent formation of
apoptotic bodies. The cellular membrane and the intracellular organelles remained intact
during this process.

Morphometry of the ONL

Morphometrically, no statistically significant difference in ONL thickness was noted
between the saline-treated and cycloheximide-treated retinas (p = 0.97) or between 40%
DMSO-treated and flunarizine-treated retinas (p = 0.83) (data not shown).

TUNEL

The light-exposed, non-treated retinas revealed extensive and intense labeling of the
photoreceptor nuclei throughout the ONL (Figure 1B).

Retinas of the vehicle (0.9% normal saline) controls for cycloheximide showed
intense, ring-like but less extensive, labeling of the photoreceptor nuclei throughout the ONL
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Figure 4. Effects of cycloheximide
and flunarizine on TUNEL of photo-
receptor cells at 24 hours of dark re-
covery after 12 hours of light exposure.
(A) Retina of vehicle ( 0.9% normal
saline) control for cycloheximide. In-
tense, ring-like but less extensive la-
beling of the photoreceptor nuclei was
seen throughout the entire ONL. (B)
Cycloheximide-treated retina. Only
scattered photoreceptor nuclei were
labeled. (C) Retina of vehicle (40%
DMSO) control for flunarizine. Scat-
tered but intensely labeled photore-
ceptor nuclei were seen throughout
the entire ONL. (D) Flunarizine-
treated retina. Scattered and fewer la-
beled photoreceptor nuclei were seen
mainly along the inner aspect of the
ONL.

(Figure 4A). In contrast, only scattered photoreceptor nuclei were labeled in the cyclohexi-
mide-treated retinas (Figure 4B).

In flunarizine control retinas, scattered, intensely labeled photoreceptor nuclei were
seen. In contrast, flunarizine-treated retinas showed fewer labeled photoreceptor nuclei. The
labeled photoreceptor nuclei were distributed mainly along the inner aspect of the ONL
(Figure 4D).

Quantification of TUNEL-Positive Photoreceptor Nuclei

By cell counting, cycloheximide- and flunarizine-treated retinas had less TUNEL-
positive photoreceptor nuclei than did their corresponding vehicle control retinas (p = 0.046
and p = 0.025, respectively) (Figure 5).

Retinal DNA Agarose Gel Electrophoresis

The cycloheximide- and flunarizine-treated groups showed significant inhibition of
DNA fragmentation, whereas the three control groups showed the typical ladder pattern of
DNA fragmentation seen in apoptosis (Figure 6).
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Figure 5. Effects of cycloheximide and flunarizine on the average number of TUNEL-positive photoreceptor
nuclei (mean = S.D.) in the retina at 24 hours of dark recovery after 12 hours of light exposure. There were
statistically significant differences between the saline-treated (NS) and cycloheximide (0.25 mg/ml)-treated
(Cx) retinas (p = 0.046). A significant reduction of TUNEL-positive photoreceptor cells also was noted in the
40% DMSO-treated and flunarizine (1.5 mg/ml)-treated (Flu) retinas (p = 0.025). Ec: light-exposed, non-
treated controls. P: exposed, punctured controls.

DISCUSSION

Our previous research suggested that photoreceptor cells died via apoptosis in the
early phase of photic injury on morphologic ground [6]. Apoptosis appears to be an
energy-dependent, multi-step process of cell death that typically involves the loss of scattered
individual cells without a marked inflammatory response [9]. Numerous studies have
implicated ongoing or de novo protein synthesis and elevated intracellular calcium in the
process of apoptosis [12-14,17-19], although occasional exceptions have also been reported
[26,27]. We recently showed that cycloheximide, a protein synthesis inhibitor, and flunariz-
ine, a calcium channel overload blocker, ameliorated photic retinopathy [6-8]. We speculated
that these agents might act by blocking apoptosis. Therefore, we performed this study to
determine if intravitreal injection of cycloheximide or flunarizine inhibited light-induced
apoptosis of photoreceptor cells, as judged by morphology, morphometry, TUNEL, and
electrophoretic analysis of retinal DNA.

The light-injured photoreceptor cells (Figures 1-3) in our study exhibited typical light
and electron microscopic features of apoptosis [6,9]. Biochemically [11], apoptosis is
characterized by internucleosomal double-stranded DNA cleavage, producing DNA frag-
ments that are multiples of 180-200 bp, which appear in agarose gel electrophoresis as a
ladder pattern. In contrast, the random breakdown of DNA in necrosis yields a smear after
gel electrophoresis. The double-stranded DN A nicks in apoptosis could also be demonstrated
by the positive staining with TUNEL in paraffin sections [31]. The light-injured photorecep-
tor cells in our study were shown to undergo apoptosis by agarose gel electrophoresis of
retinal DNA and by TUNEL.

Our results indicated that both cycloheximide and flunarizine inhibited light-induced
apoptosis of photoreceptor cells. The cycloheximide- and flunarizine-treated groups showed
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Figure 6. Retinal DNA agarose gel electrophoresis. Lanes 1 and 8 contained molecular weight standards
(Stds). Lanes 2 through 6 contained the retinal DNA from light-exposed control (Ec) group, exposed, punctured
control (P) group, normal saline (NS)-treated group, cycloheximide (Cx)-treated group, 40% DMSO-treated
group, and flunarizine (Flu)-treated group, respectively. The three control groups showed the typical ladder
pattern of apoptosis, whereas the cycloheximide- and flunarizine-treated groups showed significant inhibition
of DNA fragmentation.

a better preserved outer retina, fewer TUNEL-positive nuclei, and less internucleosomal
DNA cleavage, compared with their respective control groups. During this study, we also
noted that dry needle puncture or injection of saline into the subretinal space prevented, to
a mild degree, light-induced apoptosis of photoreceptor cells, suggesting that intraocular
puncture may cause the release or production of factors that rescue photoreceptor cells from
an apoptotic fate. To minimize the confounding influence of intraocular puncture on our
analysis, we performed all injections 1 mm behind the limbus at the junction between the
peripheral retina and ciliary body.

Inhibition of protein synthesis blocks apoptosis in many tissue systems. Wyllie et al
[17] showed that administration of protein synthesis inhibitor cycloheximide resulted in
suppression or delay of apoptosis in glucocorticoid-treated rat thymocytes. Cohen and Duke
[18] noted decreased apoptosis in glucocorticoid-treated lymphocytes when the cells also
were treated by cycloheximide. Martin et al [12] studied apoptosis of dissociated sympathetic
neurons following deprivation of nerve growth factor. and the death process was prevented
by cycloheximide, puromycin, actinomycin D, and anisomycin. Oppenheim et al [13] used
an in vivo chick embryo model to show that apoptosis of developing neurons induced by
target deprivation (limb removal) and axonotomy was prevented by cycloheximide, puromy-
cin and actinomycin. Ghibelli et al [14] demonstrated that cycloheximide could rescue mouse
L cells from apoptosis induced by heat shock. Johnson and Deckworth [19] demonstrated
RNA and protein synthesis inhibitors prevented the cell death of sympathetic sensory and
motor neurons induced by trophic factor deprivation both in vitro and in vivo. However, not
all apoptotic processes involved protein synthesis. Cycloheximide had an inhibitory effect
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on apoptosis induced by cytotoxic T lymphocytes [26]. Furthermore, cell death caused by
tumor necrosis factor was facilitated by inhibition of protein synthesis [27]. The seemingly
contradictory roles of protein synthesis in apoptotic processes in different tissue systems
need to be further explored. Umansky [33] proposed that there are two groups of proteins in
the cell. Activation of one group initiates apoptosis, whereas, activation of the second group
inhibits apoptosis.

Calcium overload has been noted in many apoptotic processes. Duke et al [21]
described a calcium-dependent endonuclease, which produced DNA fragmentation in glu-
cocorticoid-induced apoptosis in thymocytes. Wyllie and coworkers [17] showed that
calcium ionophore induced DNA fragmentation in thymocytes and that this effect could be
blocked by cycloheximide or actinomycin D. McConkey et al [22,23] showed that increased
intracellular level of Ca?* in immature thymocytes could activate apoptotic DNA fragmen-
tation. They further demonstrated that apoptosis in thymocytes induced by anti-CD3 anti-
bodies resulted in a sustained calcium increase which preceded endonuclease activity and
cell death [24,25]. Furthermore, the presence of intracellular or extracellular calcium
chelators blocked both DNA fragmentation and apoptosis. The exact regulatory mechanism
of intracellular Ca%* on apoptosis is not clear. It might regulate apoptosis through its effect
on a Ca?*- and Mg?*-dependent endonuclease that mediates DNA fragmentation [27].

Although both cycloheximide and flunarizine were previously proved to be effective in
ameliorating light-induced photoreceptor degeneration, little was known about their mecha-
nism of action [6-8]. Our study demonstrated that these two drugs may ameliorate light-induced
photoreceptor degeneration by inhibiting apoptosis of photoreceptor cells. These observations
also implicate protein synthesis and increase of intracellular Ca?* concentration in the regula-
tion and/or execution of light-induced apoptosis of photoreceptor cells.

CONCLUSIONS

Apoptosis is involved in light-induced photoreceptor cell death. Light-induced
apoptosis of photoreceptor cells could be inhibited by intravitreal injection of cycloheximide
and flunarizine, suggesting that protein synthesis and elevated intracellular Ca* are involved
in light-induced apoptosis of photoreceptor cells.
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SUMMARY

Because of the clinical heterogeneity of human inherited retinal degenerations, we
have initiated a study to seek common themes in the pathogenesis of cell death of photore-
ceptors by apoptosis. The interstitial retinol binding protein (IRBP) promoter was used to
drive expression of the human papilloma virus 16 (HPV16) E7 gene in the retina and other
ocular tissues in mice. The result is the death of photoreceptors as they undergo terminal
differentiation. Lens fiber cells also die after a period of inappropriate proliferation and
abnormal differentiation to form cataracts. Cross-breeding these transgenic mice to mice
lacking the p53 gene leads to formation of several ocular tumors by one month of age if both
copies of the p53 gene are missing. With one copy of the gene, the mice develop retinal
tumors after a much longer latency and at a lower incidence; the tumors that do arise have
lost their normal copy of the gene. The lack of the pS3 gene does not eliminate apoptosis of
either the retina or the lens in these transgenic mice although the rate of destruction of
photoreceptors is slightly delayed. The retinal tumors apparently arise from precursors that
survive amid a dying cell layer.

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al.
Plenum Press, New York, 1995 39
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INTRODUCTION

The death of photoreceptors in inherited retinal degenerations presents dilemmas at
a clinical, cellular and molecular level. Unlike the inherited degenerations of mice and rats,
human families have a highly varied degree of penetrance in many forms of retinitis
pigmentosa, for example, so that some family members are significantly affected while
others are virtually spared yet they carry the same mutation. Moreover, in a single family,
some members may have one clinical form of the disease, e.g. death of the peripheral retina,
while others have greater loss in the macula. The sources of this heterogeneity are not
explained by the mutations that have so far been described since some of these problems of
heterogeneity are characteristic of families carrying mutations of the rhodopsin gene or the
rds/peripherin gene which should affect all rods and all photoreceptors, respectively. At the
cellular level, an increasing body of evidence favors a mechanism of programmed cell death
called apoptosis in both experimental retinal degenerations of mice and rats and now in
humans [1-6] .

Several years ago a group of laboratories independently and simultaneously discov-
ered evidence of apoptosis in rds and rd mice and RCS (rdy) rats [2-6] and in albino rats
exposed to constant bright light [7]. The cells demonstrated the classical morphologic
features of apoptosis including condensation of the cell’s contents, pyknosis and fragmen-
tation of the nucleus, formation of apoptotic bodies and phagocytosis of dying photorecep-
tors by adjacent photoreceptor cells in addition to the RPE. The nuclear DNA became
fragmented into nucleosome-sized multiples of 180 base pairs [3] and the nuclei could be
labeled by various end-labeling techniques that permit the apoptotic cells to be detected in
situ.[2, 5-7].

The stereotypical response of photoreceptors not only to inherited lesions but also to
those induced by excess light, retinal detachment and transgenes of various sorts suggests
that these cells live on the edge of survival and are triggered by diverse stimuli to initiate an
internal death program. Little is yet understood about the genes involved in cell death or the
degree to which the pathway(s) can be abrogated but the recognition of the apoptotic
mechanism in some if not all inherited retinal degenerations has altered the direction of
research in many laboratories including ours. One fascination of this field of inquiry is that
the outcomes of experiments do not always parallel the theories that are derived from the
study of invertebrates or cells in tissue culture. Thus the investment of energy into studies
of the impact of genes on photoreceptor survival in the intact eye becomes a valuable
counterpoint to in vitro research.

The obvious next questions revolve around two issues. a) How does any mutation
stimulate the cell to respond by activating apoptosis? and b) If the apoptotic pathway(s) could
be interrupted, could the photoreceptor cell survive in a useful state, even if the mutation
were uncorrected?

An attempt to evaluate the first question in one inherited retinal degeneration by the
addition of exogenous growth factors to the eyes of RCS rats induced partial rescue of their
retinas [8]. This result suggested that in this mutation, at least, growth factors or sensitivity
to them may be a limiting component in maintaining the health of the photoreceptors. Similar
rescue was generated in constant light-exposed albino rats [9]. Unfortunately, subsequent
studies with various mouse strains indicate that the results might not be universal and might
be species and strain specific [10].

Clinical studies already provide a hint about the answer to the second question, since
a 65 year old patient with sector ADRP who lost the photoreceptors of the bottom half of his
eye and of his fovea had a Thr17Met mutation of his rhodopsin gene [11] . Clearly half of
his photoreceptors tolerated the existence of the mutation sufficiently to preserve vision for
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a long time. Since his son is similarly affected, the pattern as well as the initiating mutation
are heritable. This family’s experience suggests that gene(s) ameliorating the impact of the
rhodopsin mutation already exist and need to be discovered since they have potential
therapeutic value

To evaluate apoptotic pathways, we have developed an approach that exploits insights
into apoptosis arising from studies of tumor supressor genes. Tumors gain a survival
advantage, in part, because mutation of these genes contributes to tumor cell survival by
abrogating apoptosis. The p33 gene is the most commonly mutated tumor suppressor gene
in human cancer [12]. Loss of function of p53 permits cells to escape G1/S arrest or apoptosis
in response to DNA damage. pRb, the protein product of the R tumor suppressor gene, binds
to E2F-1, a transcription factor that controls the expression of many genes which initiate
DNA replication. The function of E2F-1 is regulated by binding of pRb so that loss-of-func-
tion mutations of the Rb gene lead to inappropriate entry of cells into the mitotic cycle in
addition to other effects [13]. Several oncogenic viruses gain their oncogenic properties
because of the capacity of some of the proteins coded by the viral genome to bind to p53
and to pRb thereby inactivating them as if they were mutated. The SV40 T antigen (TAg)
binds both proteins and can induce retinoblastoma in transgenic mice [14-16]. Human
papilloma virus (HPV) 16 which is implicated in the pathogenesis of human cervical cancer,
encodes two oncoproteins: E7 which binds and inactivates pRb and its homologues, and E6
which inactivates p53 by accelerating its destruction. When introduced into transgenic mice,
constructs containing TAg [15, 16] or E7 [17] under the control of the IRBP promoter
generate important and unexpectedly complex results.

MATERIALS AND METHODS

Transgenic mice bearing the SV40 TAg or the HPV16 E7 gene under the control of
the IRBP promoter (IRBP-TAg mice and IRBP-E7 mice, respectively) were generated as
previously described [16, 17]. IRBP-E7 mice were crossed to mice lacking the p53 gene
(p53-/- mice) as previously described [17]. Eyes were obtained immediately after sacrifice
and were either processed for light or electron microscopic study in paraffin or Epon,
respectively. Paraffin sections were stained with hematoxylin and eosin and apoptotic cells
were localized by TUNEL (Terminal-deoxyribonucleotidyl transferase-mediated dUTP-bio-
tin Nick End Labeling) as described by Gavrieli et al [18] on sections that were counter-
stained by methyl-green. DNA fragments were separated by agarose electrophoresis as
previously described [17].

RESULTS

IRBP-SV40 TAg Transgenic Mice

These mice invariably develop tumors of their entire developing photoreceptor layer
(Figure 1) [16]. Since SV40 TAg binds both p53 and pRb, it was logical to test the effects
of the action of each of these intrinsic proteins individually. The effect of loss of p53 was
tested in vivo by several laboratories which generated mice lacking the p53 gene by the
technique of gene replacement (so-called gene “knock-out” mice). These mice develop
normally except for their tendency to generate tumors, especially lymphomas, as they age
[19]. Thus, the pS3 gene is apparently not needed for normal development of many tissues,
including the retina, despite the major role of apoptosis in remodeling the developing retina
[20, 21]. The role of pRb in retinal development is not so easily assessed by the gene
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Figure 1. Retinas of IRBP-SV40 TAg or IRBP-E7 transgenic mice. A. IRBP-SV40 TAg mouse at P10.5. A
tumor of small oval cells, some forming rosettes, obliterates the entire retinal photoreceptor layer. Note the
formation of vacuoles and abnormally proliferating fiber cells in the lens. (H & E stain, X41). B. IRBP-E7
mouse at P4. The ventricular layer has separated from the ganglion cell layer of the retina. The lens is vacuolated
and dying cells fill the center. (H & E stain, X60). C. Serial section of IRBP-E7 retina and lens at P4. Apoptotic
cells are widely scattered throughout the retinal ventricular layer. Apoptotic cells are also detected in the fiber
cells of the lens. (TUNEL assay, counterstained by methyl-green, X60)

knock-out approach since mice lacking both copies of the Rb gene die in utero about E14
apparently as a consequence of profound disturbance of their hematopoetic and central
nervous systems. Heterozygotes, moreover, who are a genetic model of the children at risk
for hereditary retinoblastoma, do not develop ocular tumors but rather form aggressive
pituitary tumors and their eyes are normal {22, 23]. Thus, an alternative approach was needed
to interfere with the function of the Rb protein selectively in ocular tissues. This could be
accomplished, in part, by expressing the HPV 16 E7 gene under the control of the IRBP
promoter since IRBP expression appeared to be confined to photoreceptor cells and pinealo-
cytes [24].

IRBP-E7 Transgenic Mice Lose Their Photoreceptors by Apoptosis

Because E7 binds to and inactivates pRb, an anticipated result was that IRBP-E7
mice might also develop retinoblastomas since the IRBP-E7 construct should be expressed
by E13 and thereafter as the photoreceptors begin to terminally differentiate and complete
their last divisions shortly after birth. The result was, however, that photoreceptor cells began
to die rapidly toward the end of embryonic life. Between P1 and P10 they nearly disappeared
completely. This is shown not only by histologic comparison of the normal littermates and
their IRBP-E7 siblings, but also by staining the dying cells with the TUNEL assay (Figures
1B and 1C and Figure 2). Agarose gel electrophoresis of the retinal DNA revealed the typical
DNA “ladder” that is characteristic of internucleosomal cleavage in apoptotic cells [17].
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Figure 2. Comparison of the extent of apoptosis in normal and IRBP-E7 mice at P4. (A) Normal littermate
control. Few pyknotic nuclei are observed. (H&E, X296) (B) IRBP-E7 transgenic mouse at P4 . (H&E, X296)
The photoreceptor layer is filled with pyknotic nuclei. (C) Normal littermate control. The few apoptotic cells
in the normal mouse retinas reflect the last stages of photoreceptor post-natal development [20]. (TUNEL,
X296). (D) IRBP-E7 transgenic mouse at P4 stained for the presence of cleaved DNA by the TUNEL assay.
Abundant stained nuclei are scattered throughout the ventricular layer (TUNEL, X296).

Effects of the pS3 Gene on Apoptosis and Tumorigenesis in IRBP-E7
Transgenic Mice

Apoptosis of photoreceptors in the IRBP-E7 transgenic mice was initially unex-
pected. This result raises some significant questions about human retinoblastoma. If children
that are heterozygous for Rh mutations lack functional pRb in their retinoblastomas, why do
they get tumors and not apoptotic foci in their retinas? Could the difference arise only because
of the species difference and the smaller target population of the mouse eye? Could an
additional genetic lesion be necessary for the generation of retinoblastoma? Did the forma-
tion of retinoblastomas in the [IRBP-TAg transgenic mice indicate a role for p53 in the
pathogenesis of human retinoblastoma in addition to the loss of function of pRb?

To address some aspects of these questions, we bred IRBP-E7 mice to a p53-/-
background. The results were both gratifying and perplexing. Indeed, tumors developed
rapidly in the photoreceptor layer. By one month, all E7/p53-/- mice had retinal tumors. The
E7/p53+/- littermates had apoptotic photoreceptor layers. This led us to raise the possibility
that apoptosis and retinoblastoma represent “alternative states” in response to specific
manipulations of these genes that were so important in control of the cell cycle [17]. As we
generated more mice over the next few months and gained the opportunity to look at larger
numbers of mice at earlier and later stages of development, a far more complex picture
emerged.
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Figure 3. Retina of an IRBP-E7/p53-/- mouse at 9 weeks. Nearly all photoreceptor nuclei are missing as ¢
consequence of apoptosis despite the absence of the p53 gene in this transgenic mouse. Amid the cells of the
inner nuclear layer are several independent small nests of tumor cells. The ganglion cell layer is well separatec
but some of its cells are pyknotic. (H&E, X250)

First of all, as we examined E7/p53-/- mice from two weeks of age to one month o}
age, we discovered that the retinas actually contained two processes occurring simultane-
ously. The photoreceptors continued to die apoptotically nearly as fast as they did in the
E7/p53+/- and E7/p53+/+ mice. The detailed comparison of apoptotic rates in these various
combinations is an experiment that is currently in progress. So far, our results indicate that
the absence of p53 leads to a slight delay in the onset of apoptosis in the retina but does not
protect the retina from eventual destruction, i.e. the E7 gene can induce a p53 independent
apoptosis of the retina in addition to contributing to oncogenesis.

Secondly, the eyes of E7/p53-/- mice developed several different types of tumors.
Tumorigenesis in these young mice, however was highly dependent on the state of the p53
gene. None of the E7/p53+/- mice developed retinal tumors by one month of age. With one
copy of the gene, the mice develop retinal tumors after a much longer latency and at a lower
incidence. Genotyping of these tumors demonstrated that they had lost the normal copy of
the p53 gene in the process (Howes et al, unpublished data). This means that a precursor cell
had survived in the apoptotic retina that was capable of forming a tumorigenic clone several
months later. The search for these precursors is now in progress using labels to detect cells
synthesizing DNA.

In addition to their relatively undifferentiated multicentric retinoblastomas, the
IRBP-E7/p53-/- mice also formed undifferentiated non-melanotic tumors of the posterior
retinal pigment epithelium and posterior papillary adenocarcinomas, apparently of retinal
origin, although the exact layer from which these tumors arose is obscured by their invasion
of (or origin from) the RPE. The ciliary body doubled of its size and became a papilloma.
The anterior pigmented epithelium of the iris and ciliary body was transformed into a
non-adherent tumor of pigmented cells growing virtually as a suspension culture in the
anterior chamber. Some of these cells settled down on the anterior lens capsule as a
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Figure 4. Tumors arising in the retinas, pigment epithelium, ciliary body and anterior uveal pigmented
epithelium in IRBP-E7/p53 -/- mice at two months of age. (all H&E) (A) Poorly differentiated retinoblastoma.
(X185) (B) Retinal (?RPE) adenocarcinoma invading the posterior retina. (X88) (C) Citiary body papilloma
(X160) (D). Pigmented epithelial cells in free suspension in the posterior and anterior chambers (X172).

monolayer (Figure 4). Similar alteration of some of the posterior RPE cells led to infiltration
of giant pigmented cells into the retina.

This result was, therefore, an embarrassment of riches. Prior studies of the expression
of IRBP have not yet described its expression in the RPE and uveal tissue. We wonder,
therefore, if the extra-retinal tumors in these ocular tissues indicate that IRBP is expressed
elsewhere in the eye in addition to photoreceptor cells. Regardless, the formation of the
poorly differentiated retinoblastoma clearly indicated that our experimental protocol of
mating IRBP-E7 mice to p53 knock-out mice had unlocked the oncogenic potential of the
E7 gene—and the loss of Rb gene function—in the mouse retina.

Effects of IRBP-E7 on the Lens in the Presence and Absence of p53
Function

A disorderly population of nucleated fiber cells collects in the posterior lens by P1
in IRBP-E7 transgenic mice. Eventually, over the next ten days, these cells begin to die,
initially by apoptosis and finally by necrosis as well. This is readily discerned in cells stained
by the TUNEL assay: apoptotic cells have a dark brown nucleus while necrotic cells have
pale staining nuclei and brown staining cytoplasm and intercellular spaces. The cleavage of
the DNA into small fragments, the breakdown of the nuclear envelope and the escape of the
cleaved DNA into the cytoplasm and the intercellular spaces as the plasma membrane
disintegrates explains the pattern of TUNEL staining in necrotic areas. As a consequence of
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Figure 5. Apoptotic and necrotic cells accumulate in the lens of IRBP-E7/p53-/- mice. Vacuoles form and
necrotic cells accumulate centrally. (A) H&E X170. (B) TUNEL assay counterstained by methyl green X170.

this catastrophe, the lens becomes an opaque and shrunken mass. Despite this assault on the
posterior fiber cells, the anterior epithelium is relatively unscathed, although preliminary
analysis of numbers of apoptotic cells in the anterior epithelium indicates that they are not
entirely spared and are also dying at an accelerated rate. This fate of lens epithelium is not
affected by the status of the p53 gene in a major way although there may be a slight delay
in onset of apoptosis. The process progresses inexorably in all combinations of E7 x p53-/-
transgenic offspring. Cataracts were also observed previously in IRBP-TAg mice [16].

DISCUSSION

These experiments were initiated to develop insights into the relationships of the Rb
gene to the formation of retinoblastoma. We now are offered, as a consequence of the
induction of photoreceptor apoptosis by introduction of the E7 gene into the retina, an
opportunity to look at the impact of perturbation of the cell cycle and differentiation of
photoreceptors as tools to understand the vulnerability of rods and cones to die by apoptosis. The
insights available from this new model of inherited retinal degeneration, while dependent
on an entirely different mechanism of injury than all other known mutations that cause retinal
degeneration, are highly relevant to the examination of the effects of perturbation of pRb
and p53 function in vitro and in other cell systems in vivo. The advantage of the study of
these perturbations in an in vivo setting is that we are not altering the natural environment
or the intercellular relationships of the developing cells except by the introduction of the
transgene. It remains to be determined if these genes are also involved in other inherited
forms of retinal apoptosis.

Although abundant evidence closely links p53 to the induction of apoptosis of many
cell types lacking functional pRb, not all cells demonstrate a mutual interaction in all
conditions. For example, lymphocytes of p53-/- mice are resistant to irradiation induced
apoptosis but retain their sensitivity to glucocorticoid induced cell death by apoptosis[25,
26]. Furthermore, since the retina, and indeed many other tissues of developing mice employ
apoptosis extensively during differentiation and yet have no discernible abnormality in
p53-/- mice, the gene is clearly an important but not uniquely required element in the control
of orderly cell proliferation or of the control of apoptosis during development. What is
interesting about our experimental results is that they also demonstrate a p53 independent
pathway to photoreceptor apoptosis after pRb inactivation. It is too soon to know if
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inactivating pRb by E7 expression invokes the same p53 independent pathway employed by
the brain and retina during normal development or another alternative pathway.

Finally, these transgenic mice have introduced us to new complexities in the differ-
entiation of lens fiber cells. In normal development, the lens vesicle completes the oblitera-
tion of the vesicle lumen by elongation of the posterior fiber cells until they contact the
anterior epithelium and form tight junctions. These cells begin the synthesis of their
characteristic crystallin molecules at an early stage [27] and then lose their nuclei and
mitochondria. The fiber cells must last the entire lifetime of the animal in a clear state for
normal transmission of light to the retina. Throughout post-natal life, a population of cells
at the lateral equator of the lens continually differentiate from cuboidal epithelial cells into
long fiber cells that join at suture planes and enlarge the lens diameter. By contrast to this
orderly pattern, the expression of E7 in the lens leads to its destruction by both apoptosis
and necrosis, not only in the embryo after E16 but also in the adult as new cells form.

Why should this gene be expressed in the lens? At first this was puzzling since prior
reports of the expression of IRBP-CAT (chloramphenicol-acetyl transferase) constructs
which were used to reveal the tissue-specific expression of the IRBP promoter did not reveal
any expression of the construct outside the retinas of mice at E16 [24]. Recently, however,
transient lenticular expression of IRBP from E11 to E15 was described by Farr et al [28]
which may indicate how our IRBP-E7 construct became a problem for the lens as well as
the retina.

Regardless of the mechanism leading to expression of E7 in the lens of these IRBP-E7
mice, they consistently develop cataracts as a consequence of apoptosis and necrosis of fiber
cells. Although there appears to be a slight but significant slowing of the apoptosis of the
retina in IRBP- E7 x p53-/- hybrids, compared to those with at least one normal copy of the
P33 gene, the effect of loss of pS3 function in the level and rate of lens fiber cell apoptosis
is slight at best.

In this respect, our results differ somewhat from nearly parallel studies of the effects
of expression of E7 and E6 in the lenses of transgenic mice bearing these viral genes under
the control of the a-crystallin promoter. Pan and Griep [29] discovered that a-crystallin-E7
transgenic mice also accumulate nucleated proliferating cells in the posterior lens which then
die by apoptosis and lead to cataract formation. By contrast, however, they could reduce the
impact of this E7 construct by mating these mice to transgenic mice expressing the HPV 16
E6 gene in the lens using the same promoter. E6 inactivates p53 function. Greater than 30%
of the apoptosis observed in a-crystallin-E7/p53+/+ lens fiber cells was blocked in o-Ccrys-
tallin-E7xE6 offspring. They concluded, therefore, that the apoptosis of fiber cells as a
consequence of perturbation of pRb by the expression of E7 in lens was altered by destruction
of p53 function by ES6, i.e. that the loss of functional pRb induced lenticular apoptosis by a
pathway that was at least partially dependent on p53 function. Similar conclusions were
reached by Morgenbesser et al [30] who ablated pRb function by generation of Rb knockout
mice and tested the impact of the loss of this gene on lens cell differentiation in the presence
or absence of the p53 gene by crossbreeding Rb-/+ heterozygous mice to p53 knockout mice.
The homozygous Rb-/- offspring die in utero. This mating generated embryos with an
Rb-/-/p53-/- and Rb+/-/p53-/- genotype that could be compared to related Rb-/-/p53+/- and
Rb-/-/p53+/+ embryos. At E14, the lenses of the mice with at least one intact copy of both
the Rb gene and the pS3 gene were normal. Those lacking the Rb gene developed apoptosis
of their fiber cells if at least one copy of the pS3 gene was intact, while those lacking the
p53 gene exhibited a profound decrease in the amount of apoptosis of their lens fiber cells.

Thus, in our experiments, the expression of E7 under the control of the IRBP promoter
in the presence or absence of p53 function or IRBP-TAg leads to apoptosis of the fiber cells.
By contrast, E7 expression controlled by the a-crystallin promoter or ablation of Rb in
knock-out mice induces apoptosis of the proliferating fiber cells in a manner that is somewhat
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more dependent on p53 function. We are actively pursuing the reasons for these differences
because they indicate that the outcome of alteration of the function of the Rb and p53 genes
in the apoptosis of the lens and the retina is not simply a question of the presence or absence
of their activity in the cell. The outcome may also depend on the exact timing or extent of
the perturbation of their function.

It is now apparent that even in these relatively “controlled” conditions where we
understand which genes we have perturbed, at what developmental stage they should be
affected, and which tissues should express the transgene, that differing results can arise under
slightly different conditions in vivo. At this early stage in the study of experimentally induced
apoptosis and retinoblastoma, we see some hints of the complexity of outcome found in
patients with inherited retinal degeneration. Hopefully, we will somehow learn ways to ablate
retinal apoptosis without setting the stage for development of retinal tumors and will develop
candidate genes for eventual consideration in clinical trials of gene therapy of human retinal
degeneration and conversely, for retinoblastoma.
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INTRODUCTION

The retinal pigment epithelium (RPE) is a highly specialized neuroepithelium that
develops in advance of and lies adjacent to the neural retina where it plays a critical role in
retinal homeostasis. RPE cells are multifunctional in nature and have been compared to
macrophages (Elner et al., 1981, Young and Bok, 1969), oligodendrocytes (Steinberg and
Wood, 1974), astrocytes (Immel and Steinberg, 1986), melanocytes (Feeney-Burns, 1980) and
hepatocytes (Bok 1985). The unique geography of this single-celled epithelial layer allows it
to establish a definitive blood-retinal barrier (Cunha-Vaz 1979) and to function as a transporting
and absorbing epithelium (Miller and Steinberg 1982; Misfeldt et al., 1976). In the vertebrate
retina, a closed, extracellular microenvironment exists that is bounded by the apical membrane
of RPE cells distally and photoreceptor inner segments and Muller cell processes proximally.
Tight junctions effectively isolate it from most larger blood components and it is thought that
most of the IPM components are synthesized by surrounding cells. This highly specialized
matrix constitutes a novel conduit for the transport of nutrients, metabolites or trophic factors
between the two cell layers and also facilitates intercellular communication. Thus, analysis of
the IPM is of importance because it contributes to our understanding of essential aspects of
retinal development, homeostasis and visual function. RPE cells form a functional complex
with photoreceptor neurons of the retina and interacts with them through the IPM. Cultured
RPE cells synthesize and secrete several trophic factors including a photoreceptor-survival
promoting factor (PSPA) (Hewitt et al., 1990), PDGF (Campochairo 1988), FGF (Plouet 1988),
TGF-o (Fassio et al., 1988) and TGF-B (Connor et al., 1988). Evidence of its potential to
synthesize and secrete these factors in vivo, into the [PM (Hageman and Johnson 1991) makes
the role of the RPE in relationship to the developing retina, photoreceptor cell pathology and
the visual process of even greater interest.

Degenerative Diseases of the Reiina, Edited by Robert E. Anderson et al.
Plenum Press, New York, 1995 51
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NEUROTROPHIC ACTIVITY OF RPE-CM AND PEDF

In an attempt to isolate other trophic factors secreted by RPE cells, conditioned-me-
dium from a well-defined human fetal RPE cell culture (Pfeffer 1990) was analyzed for
neurotrophic activity using the human Y79 retinoblastoma cell line as a target cell in our
model system. Y79 cells are of neural retinal origin and thought to be the tumorous
counterpart of early undifferentiated retinoblasts. Because they have been shown to retain
several neural retinal characteristics they serve as a good model for examining some aspects
of retinal cell differentiation (Kyritsis et al., 1984, Bogenman et al., 1988). We found that
human fetal RPE-conditioned medium (hfRPE-CM) induced a high level (>90 %) of
“neuronal” differentiation in morphologically undifferentiated Y79 cells (Tombran-Tink and
Johnson 1989, Tombran-Tink et al., 1991). Specifically, an elaborate outgrowth of neurites
were seen to project from hfRPE-CM treated Y79 cells. A 50 kD protein, pigment epithe-
lium-derived factor (PEDF), was subsequently isolated from hfRPE-CM and found to
contain this biological inductive potential in our defined assay system using the Y79 cells
(Fig. 1) (Tombran-Tink et al., 1991). Biochemical changes were seen as well as morphologi-
cal differentiation when these cells were treated with PEDF. The differentiated Y79 cells
exhibit enhanced expression of neuron-specific enolase and synthesize the 200 kD subunit
neurofilament protein, both considered to be molecular markers for neuronal cell maturation
(Tombran-Tink et al., 1991).

PEDF MAINTAINS NEURONAL CELL SURVIVAL

In addition to its neurite-promoting activity, PEDF maintains neuronal survival of
the differentiated Y79 cells (Fig. 2) (Tombran-Tink and Johnson 1989) as well as cerebellar
granule cells in culture (Taniwaki et al., 1994). Y79 cells maintain a differentiated, non-pro-
liferative phenotype for more than 30 days (35-40 days) after attachment if maintained in
serum-free, defined medium supplemented with either 50% hfRPE-CM or 50 ng/ml purified
PEDF. Well-differentiated, attached Y79 cells however, retract their processes, detach from
the substratum and subsequently die within 11-15 days if not supplemented with conditioned
medium or PEDF after the initial treatment in suspension.

PEDF ISOLATION FROM IPM AND VITREOUS

We have also found that bovine IPM contains neuronal inductive activity on Y79
retinoblastoma cells similar to that seen by hfRPE-CM (Tombran-Tink et al., 1992). A
comparison of the percentage of neuronal cell differention between hfRPE-CM, human IPM
and purified PEDF from hfRPE-CM shows that, by day 10 post-attachment, all treated Y79
cultures exhibited over 85% neuronal differentiation (Fig. 3) even though the percentage
varied within the first few days of attachment. From these data, we hypothesized that PEDF
may also be secreted in vivo, into the IPM, by adult RPE cells (Tombran-Tink et al., 1992).
This hypothesis was later confirmed when a PEDF polyclonal antibody was obtained and
used in western blot analysis to show the presence of a similar 50 kD protein in both fetal
and adult IPM of a number of other vertebrate species including human, monkey and bovine
(Tombran-Tink etal., 1995). The PEDF antibody recognizes at least four isoforms of secreted
human and bovine PEDF as assessed by two dimensional gel analysis. It is thus apparent
that PEDF not only is synthesized and secreted by fetal RPE cells in vitro and in vivo but
also by adult RPE cells. In this regard, the presence of PEDF in both fetal and adult [PM
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Figure 1. A: Morphologically-
undifferentiated Y79 retinoblas-
toma cells grown in serum-free
medium and attached to a poly-
D-lysine substratum (Tombran-
Tink et al., 1991). The cells are
GFAP positive as detected by a
polyclonal GFAP antibody. B:
Y79 cells pre-treated for 7 days in
suspension with 50 ng/ml of pu-
rified PEDF and attached to a
poly-D-lysine substratum.
Within 3 days of attachment, ex-
tensive neurite outgrowths are
seen in PEDF-treated cells. The
micrograph shows immunofluo-
rescence for neuron-specific eno-
lase (NSE) in well differentiated
cells as detected by a polyclonal
NSE antibody.

Figure 2. The graph shows the percentage
of differentiated Y79 cells surviving with
and without addition of PEDF or RPE-CM
to attached cultures. The cells were initially
treated for 7 days in suspension with either
PEDF or hfRPE-CM and then seeded onto
poly-D-lysine-coated coverslips. Culture A:
50% hfRPE-CM added every 7 days after
attachment. Culture B: Medium supple-
mented with 50 ng/ml PEDF and added to
culture every 7 days. Culture C: Only SF-
defined medium added to these cultures 7
days post-attachment.
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Figure 3. The bar graph represents the
percentage of neuronal differentiation in
Y79 retinoblastoma cell at days 1, 3,5, 7,
9 and 11 after treatment for 7 days in
suspension with one of the following a)
hfRPE-CM, b) HPLC purified PEDF from
hfRPE-CM c) human IPM. Under all three
conditions greater than 80% neuronal dif-
ferentiation is seen after 7 days of attach-
Day(s) ment.

80

% Differentiation
P [+2]
o o

n
o

G

o

R

demonstrates its potential for action in vivo at critical times of neuronal cell differentiation
and, after retinogenesis, in the mature retina where it could promote photoreceptor cell
survival.

Because of the difficulties in obtaining and purifying native PEDF from human fetal
RPE cultures, we investigated other sources of PEDF production in addition to that found
in the interphotoreceptor matrix. Because the vitreous humor is a large extracellular space
also found in the eye, we examined it for the presence of PEDF and found, by western biot
analysis, substantial amounts of PEDF in the bovine vitreous as compared to the IPM (Fig.
4). Future studies will be necessary to determine both the function(s) and source of PEDF
in the vitreous. Thus, both bovine IPM and vitreous are suitable starting materials for the
isolation of native PEDF. For this purpose we used the Bio-Rad model 491 prep cell system
which fractionates and purifies complex protein samples by continuous-elution electropho-
resis using conventional electrophoresis buffers. Approximately 5 pg of PEDF can be
purified from the IPM of each eye cup and 150 pg from the vitreous (~ 10 ml for each eye)
of each bovine eye (Fig 4). Purified PEDF from both vitreous and IPM is found to be
neurotrophic for the Y79 cells. Thus, the bovine vitreous is a useful source of native PEDF
for use in both in vivo and in vitro studies.

Localization of PEDF in Human Fetal RPE cells in vivo by In Situ
Hybridization

The neurotrophic effects of PEDF on the human Y79 retinoblastoma cell was first
demonstrated with conditioned medium obtained from 17 weeks gestation fetal human RPE
cells (Tombran-Tink and Johnson, 1989). In situ hybridization was therefore performed on
specimens of fetal human retina-RPE of similar developmental age. Under conditions of
high stringency hybridization, specific binding of a radioactively-labelled antisense probe

M1 23 435

Figure 4. 10 ml of either bovine IPM or vitreous samples were electropho-
resed through a cylindrical 10% SDS gel using the Bio-Rad 491 electro-
phoreses prep cell. Each cylindrical band migrated off the bottom of the gel
into an elution collection chamber and fractions containing PEDF were
pooled and dialyzed against PBS. 10 pl sample from pooled fractions
containing eluted PEDF was analyzed by Coomassie blue and western blot.
The PEDF polyclonal antibody detects a 50 kD protein in bovine serum,
IPM and vitreous (lanes 1, 2 and 3 respectively). Stronger hybridization
signal is seen in the vitreous sample (lane 3). Lanes 4 and 5 represents a
Coomassie blue stained 10% SDS gel containing purified PEDF from IPM
and vitreous respectively. M: Molecular Weight Standards.
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Figure 5. Human fetal eye, at 17 weeks of

gestation, fixed in 4% formaldehyde, de-

hydrated in ethanol and embedded in

diethylene glycol distearate. A 264 bp

sense and 300 bp antisense probe was gen-

erated from the coding region of the PEDF

cDNA , **S-labeled and used for hybridi-

zation (Tombran-Tink et al., 1995). Auto-

radiograms were exposed for 12 days and

photographed under brightfield (A, B, and

D) or epipolarization illumination (C). A)

retinal section incubated with the radioac-

tive antisense probe reveals the concentra-

tion of silver grains above background

over the retinal pigment epithelium (ar-

rows). The neuroblastic (NB) layer, gan-

glion cell (GC) layer and other regions of

the neurosensory layer were not consis-

tently labeled above background. B) reti-

nal pigment epithelium (arrows) under

higher magnification shows more detail, although some silver grains remain obscured by underlying melanin
granules. C) Epipolarization microscopy of the same area as that shown in (B) reveals all of the silver grains
over the RPE. D) retinal sections incubated with the radioactive sense probe bound only background levels of
radioactivity as indicated by the low density of silver grains over the RPE (arrows). A and D: 800x; B and C:
1360x.

was seen only in the RPE cell layer (Fig. 5) (Tombran-Tink et al., 1995). Most of the neurons
in the retinal neuroblastic layer, with the exception of the ganglion neurons, are relatively
undifferentiated at this developmental stage and were not labeled above background levels
as compared to control hybridization using the PEDF sense probe. Thus, in the developing
retina as early as 17 weeks of gestation, when most of the retinal neurons are still undiffer-
entiated, PEDF is specifically synthesized and secreted into the adjacent IPM, by the RPE
cells, where its inductive potential could be maximized. In the human, RPE cells mature well
before the photoreceptors of the neural retina during the fetal period and, as mentioned
before, may influence and direct aspects of retinal differentiation either directly by contact
or through their secretory products in the [IPM (Johnson et al., 1985). These results form an
important rationale for our hypothesis that PEDF is a critical neurotrophic factor participat-
ing in the process of early retinogenesis.

DOWNREGULATION OF PEDF IN SENESCENT RPE CELL
CULTURES

In arecent report, PEDF was shown to be expressed by cultured WI-38 lung fibroblast
cells where its expression is linked to the process of senescence (Pignolo et al., 1993). In the
human W38 cells, a well defined senescing human fibroblast model, PEDF (called EPC-1)
transcripts could only be found in confluent young, quiescent WI-38 cells but not in their
non-proliferating senescent counterparts. In a similar vein, the PEDF transcript was unde-
tectable in fully- differentiated Y79 retinoblastoma cells although it is seen in abundance in
their rapidly-dividing, morphologically undifferentiated counterparts (Tombran-Tink et al.,
1994). It is also of interest that survival of the neuronally- differentiated state is greatly
enhanced by the presence of PEDF in the two cell types tested to date which are the Y79
retinoblastoma and cerebellar granule cells. We have also examined the synthesis and
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Figure 6. Left panel: Agarose gel containing 5 pi g of total RNA in each lane. Lane 1-3: monkey retina, 1st
passage monkey RPE cells and 10th passage monkey RPE cells respectively. The gel is stained with ethidium
bromide. Right panel: A northern blot of the gel in panel on the left hybridized with radioactively labelled
PEDF ¢DNA probe. M: molecular weight standards. The weak hybridization seen in the retina RNA may be
due to contamination with adhering RPE cells, since, by in situ hybridization the PEDF mRNA is only detected
in the RPE cell layer. A strong signal is seen in the first passage RPE cells (lane 2) and no PEDF message
detected in tenth passage RPE cells (lane 3)

secretion of PEDF in older RPE cell cultures. Samples of total RNA obtained from monkey
retina and from first and 10th passage monkey RPE cells were analyzed by northern blot for
the PEDF transcript (Tombran-Tink et al., 1995). Using the PEDF cDNA as a probe, a weak
hybridization signal is seen in total retinal tissue while a very strong signal is seen in
first-passaged RPE cell cultures. Of importance, is the lack of detectable levels of PEDF
message in tenth passage RPE cultures which are non-proliferative and unresponsive to
mitogenic agents (Fig. 6). The cultures are operationally defined as “senescent”. These
findings were supported by data obtained from an examination of the secretion profile of
PEDF with sucessive passages of RPE cultures. Using a PEDF polyclonal antibody and
western blot analysis, we found that only rapidly proliferating, early passaged RPE cultures
(first through fourth passage) secrete PEDF into the surrounding medium. Weak immunore-
activity is seen in slowly-dividing cultures (fifth through eight passage) while no immunore-
activity for the 50 kD PEDF doublet is seen in senescing cultures (between the tenth and
fifteenth cell passage) (Fig. 7). Thus, the secretion of PEDF decreases dramatically with
sucessive cell passages in an age-related manner and is paralled by the lack of transcription

Figure 7. Lanes 1-5 represents a Western blot of samples of RPE cell-conditioned medium (CM) after Ist,
2nd, 5th and 10th passages respectively. The PEDF polyclonal antibody recognizes a prominent 50 kD band
in CM from the 1st and 2nd passages, a weak signal in CM of 5th passage cultures and no signal with sucessive
cell passages. A 36 kD protein is seen in cell lysates of 2nd passage RPE cell extracts, adult bovine RPE and
retinal extracts respectively (lanes 5-7). M: molecular weight standards.
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of the PEDF’s message in “senescent” RPE cell cultures. In RPE and retina/RPE cell lysates,
a 36 kD protein and not the secreted 50 kD species is detected with the PEDF polyclonal
antibody. Either a non-glycosylated form of PEDF exists in the cytosol or a small amount
of PEDF reenters the cell as the 36 kD species. Alternatively, after uptake the 50 kD species
could be cleaved intracellularly resulting in the 36 kD protein that is seen by western blot
analysis (Fig. 7). Although further work will have to be done to explain these results, our
findings, along with those of Pignolo et al., (1993) raises the interesting possibility that the
presence of PEDF could 1) influence a commitment to neuronal differention, 2) promote
cell-survival of well-differentiated, mature neurons and 3) the lack thereof could be a general
marker for terminal differentiation and/or senescence in such different cell types as RPE
cells, retinal neurons and fibroblasts.

MOLECULAR CLONING AND SEQUENCING OF THE PEDF ¢DNA
AND GENOMIC DNA

Tryptic peptides obtained from HPLC-purified PEDF (Tombran-Tink et al., 1992)
were microsequenced and analyzed for protein homology/identity with other known pro-
teins. Eight peptides were analyzed and the data indicated that the 50 kD PEDF protein is
unique but share sequence homology with members of the serine protease inhibitor gene
family known as serpins. From the peptide sequence and codon usage data oligodeoxynu-
cleotides were constructed and used to isolate a full length 1.5 kb, cDNA clone from a human
fetal eye Charon BS cDNA library (Steele et al., 1992). Sequence analysis revealed a 1503
base sequence with a long ORF encoding 418 amino acids, a typical ATG start codon and a
polyadenylation site. All previously determined peptide sequences align perfectly and
confirm the translated product of the clone (Steele et al., 1992). The cDNA sequence shares
27% homology with human o-1-antitrypsin, the prototype of the serpin gene family.
Although this percentage is not high, it is well within the range of similarity shared by other
serpins.

Serpins are single-chain proteins that range in molecular weight from 45-100 kD,
typically containing approximately 400-500, residues and whose structures show a high
degree of 3-D architectural similarity. The acronym denotes a superfamily of SERine
proteinase INhibitors. Most inhibitory serpins contain a conserved reactive domain or
binding loop at the carboxy terminus and which can adopt a variety of conformations. They
are variously glycosylated and while the majority have been isolated from plasma, unglyco-
sylated forms are shown to exit in cytosolic fractions while others have been identified in
the extracellular matrix (Remold O’Donnel et al., 1992). Serpins play critical regulatory
roles ina wide range of vital physiological processes and while for most, the primary function
is regulation of proteolytic events associated with a myriad of biochemical pathways, others
have diverged from the classical protease inhibitory function and have evolved other roles.
These include hormone transporters, zymogen activators, cytokine response modifiers,
neurotrophic agents, complement activators, blood coagulators and modifiers of processes
involving phagocytosis, and tumor invasion and metastasis (Shapira and Patston, 1991;
Pickup etal., 1988). Clinical studies reveal a large number of genetic deficiencies associated
with mutations of serpins principally with lung and liver diseases and blood coagulation
defects (Huber and Carrel 1989; Engh et al., 1993; Crystal 1991). PEDF lacks homology in
the carboxy terminus reactive domain thought to be necessary for protease inhibition and
therefore, must have diverged in function with evolution as many other non-inhibitory
serpins have done.
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Using the PEDF cDNA as a probe, several genomic clones have been isolated and
sequenced to reveal a 16 kb PEDF gene whose translated sequence is distributed among 8
exons interrupted by 7 introns (Tombran-Tink et al., 1994). This genomic organization is
consistent with a number of serine protease inhibitors and substantiates evidence that PEDF
is a member of the serpin gene family. To date, however, no inhibitory activity can be
associated with this protein.

CHROMOSOMAL LOCALIZATION OF PEDF

Two well-characterized human x mouse somatic cell hybrid mapping panels were
analyzed by southern blot and PCR, for the localization of the human PEDF gene (Tombran-
Tink et al., 1994). Data obtained from both the multichromosomal and monochromosomal
mapping panels assigned PEDF to human chromosome 17. DNAs from a deletion mapping
panel of eight somatic cell hybrids containing specific fragments of human chromosome 17
(Guzzetta et al., 1992) were analyzed by PCR to further sublocalize the PEDF gene. Data
obtained from this study confirmed the initial assignment of PEDF and sublocalized it to the
short arm of chromosome 17 at 17p13.1-pter. Fluorescent in situ hybridization, using a
fragment of the PEDF gene, further confirms the map position to the telomeric region of the
short arm of the chromosome (Tombran-Tink et al.,1994).

This chromosomal region is associated with a number of cancer-related loci includ-
ing, the Li-Fraumeni syndrome, the p53 tumor suppressor gene, the medulloblastoma gene,
breast and colorectal tumors. At least one other serpin, the human plasmin o,-plasmin
inhibitor gene (PLI) has been mapped to this region allowing for the interesting possibility
of a “gene cluster” of serpins in this area of the genome. Whether PEDF is involved in any
tumor-related events is yet to be examined. Most importantly, Greenberg et al., (1994) has
provided evidence indicating this region as the locus for one autosomal dominant RP (ADRP)
in a large South African family, making PEDF a candidate gene for mutational analysis for
the pathogenesis of ADRP in this family. Our mapping also is of interest since it places PEDF
close to the telomere of chromosome 17 where it could be involved in cellular aging.
Eukaryotic chromosomes end with highly conserved, simple tandem hexamer repeats and,
as somatic cells replicate, telomeric sequences are lost. It is thought that telomere shortening
activates a complex cascade of molecular events leading to cellular senescence (Allsopp et
al., 1992; Harley et al., 1990; Hastie et al., 1990, Greider 1990). The positioning of the PEDF
gene in close proximity to the chromosome telomere allows it to be in a location where it
might be directly affected by telomere shortening. This phenomenon may influence PEDF’s
expression in senescing human fibroblasts and RPE cells.

SUMMARY

RPE cells secrete a unique 50 kD protein, PEDF, irn vitro and in vivo. The protein
contains trophic activity both in the induction of neuronal cell differentiation as well as
survival of the mature neuron. Because of its presence in fetal and adult IPM, it may
participate in early retinogenesis and the survival of mature retinal neurons after develop-
ment. It is tempting to speculate that its accessibility to nearby photoreceptor neurons may
allow it to participate in mechanisms involved in the rescuing of apotosing or injured
photoreceptor neurons during degenerative processes caused by exogeneous and endogene-
ous insults. Transplantation and transgenic studies will further elucidate the function of
PEDF in the retina.
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GENERAL INTRODUCTION

Nitric oxide (NO), an atmospheric gas, is now known to be enzymatically synthesized
in a tightly regulated manner by a number of tissues and cell types. Over the past 5 years,
significant progress has been made elucidating the mechanism of NO synthesis and the
functions of NO in different biological systems. NO is produced by cells, and serves a wide
variety of functions in different cells, ranging from vascular endothelia, immune cells,
neurons and glia, hepatocytes and smooth muscle cells (reviewed in: 1-3). The functions of
NO appear very diverse, having actions on vascular tone, neurotransmission (2), immune
cytotoxicity (3,4), and many others. Three isoforms of NO synthase (NOS) have been
identified as being responsible for this synthesis in the presence of oxygen, NADPH and
flavins, and represent three distinct gene products (1). Two of the enzyme types are
continuously present and, thus are termed constitutive NOS. The first, termed NOS-I is found
in the cytosol of central and peripheral neurons (2), and the second (NOS-III) was originally
expressed by the vascular endothelium. Small amounts of NO are generated by these two
iso-enzymes when they are activated by the calcium/calmodulin complex. In contrast,
NOS-II, or inducible NOS, is expressed in many cell types after challenge by immunological
or inflammatory stimuli (3). This isoform, the activity of which is independent of calcium
and calmodulin, generates large amounts of NO over longer periods which are dependent on
the presence of the stimuli.

Over the past 2 years, the NO pathway has also been studied in the retina and both
the inducible and the constitutive isoforms have been identified. Different techniques were
used to describe them. Historically, the first one is the NADPH-diaphorase which is almost
but not always associated with NOS activity (1,2). The different cofactors requirements help
to discriminate biochemically between the type I, I and III. With the characterization of their
sequences, specific polyclonal antibodies have been prepared which are used in the most
recent studies. Molecular biology techniques also allow the quantification and localization

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al.
Plenum Press, New York, 1995 61



62 0. Goureau et al.

of mRNA specific to each isoforms. However, despite the rapidly evolving situation, there
are still very little important molecular and protein data on NOS in the retina or in other parts
of the eye.

EXPRESSION OF DIFFERENT NOS ISOFORMS IN THE RETINA.

Constitutive NOS (NOS-I, NOS-III) in the Retina

NOS enzymatic activity was demonstrated in crude extracts of the retina and in isolated
rod outer segments (ROS) (5,6). Enzymatic properties indicate a relationship between the
retinal enzyme and the brain constitutive isoform (type I). NADPH-diaphorase studies also
indicate the presence of NOS in the retina (7,8). NOS-I isoform was clearly identified in some
amacrine cells, in the inner nuclear layer and in photoreceptors of the retina from different
species by immunohistochemistry (7,9). Recently, NOS-I was identified in the retina of lower
vertebrates (10) and cloned from the human retina (11). The presence of NOS-III was not
directly demonstrated, however, the large NADPH-diaphorase staining observed in the vascu-
lar endothelium of choroid and retina (7, 8) could correspond to this isoform.

NO present in this tissue could serve as a neuromodulator of synaptic transmission
in the retina, via a modification of electrical coupling in horizontal cells (12), activation of
cGMP-gated conductance in bipolar cells (13) and modulation of a cGMP-gated conductance
in ganglion cells (14). Furthermore, NO has been shown to modulate the photoresponse, via
a direct modulation of the dark voltage and the light response in frog ROS (15) and by
affecting different currents in tiger salamander ROS (16).

Inducible NOS (NOS-II) in the Retina

In the retina, we have demonstrated that retinal Miiller glial (RMG) cells can express
the NOS-II isoform after endotoxin and cytokines stimulation (17). Bovine (18), human (19)
and murine (20,21) retinal pigmented epithelial (RPE) cells , also contain NOS-II. In rat and
bovine RPE cells, NOS-II mRNA and enzyme activity are induced by synergistic co-opera-
tion between interferon y (IFNy) and lipopolysaccharide (LPS) and can be potentiated by
tumor necrosis factor o (TNFa), while co-stimulation with IFNy and interleukin-1p is
essential for NO production in human RPE cells (Table 1).

Cytokines and growth factors are key elements in the regulation of NOS-II induction
(3). In order to understand their potential either as inducers or as inhibitors of NOS, we have
investigated the role of several growth factors in the production of NO in RPE or RMG cells
in vitro (20,22). We have demonstrated, as summarized in Table 1, that fibroblast growth

Table 1. Comparative role of growth factors and cytokines on nitrite
production in RPE and RMG cells from different species

Cell Type: RMG cells RPE cells
Species: Rat Bovine Human
Inducers: LPS/IFNy/TNFa LPS/IFNy IL1B/IFNy
FGF-1/FGF-2 Potentiation Inhibition Potentiation
TGFp Inhibition Potentiation - Inhibition
EGF N.D None None

N.D = non determined.
None = no effect.
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Table 2. Correlation between NO production and decrease of bovine
RPE cell phagocytosis after stimulation by LPS/IFNy

Addition (48 hrs) Nitrite (uM)  Phagocytosis (% control)
Control 1.46 + 0.7 100

LPS + IFNy 174+0.9 76.8+5.1*

LPS + IFNy + L-NMMA 270+ 1.5 952+44

Confluent RPE cells were incubated for 48 hours in medium alone or with
LPS (1pg/ml) and IFNy (100U/ml) with or without L-NMMA (0.5mM).
Nitrite release was determined in culture supernatant by Griess reaction
(18). RPE cell phagocytosis was estimated by RIA technique (24) after
incubation of RPE cells with ROS membranes in fresh medium for 3
hours. Values are means + SEM for three different experiments, each done
in triplicate. * p<0.001, significantly different from control.

factors (FGFs) and transforming growth factor beta (TGF) have opposing actions on the
regulation of the production of NO by these cells.

In bovine RPE cells, FGF-1 and FGF-2 inhibit the induction of NOS at the transcrip-
tional level (23), while it is not an inhibitor of NOS-II induction in rat or in human RPE and
rat RMG cells despite the fact that these cells have FGF receptors. This is consistent with an
efficient control of the expression of NOS at different levels, since cells must control tightly
the formation of high amounts of NO. The opposite data was observed with TGF3 which
frequently acts as an immunosupressor signal, suggesting that the regulation of NOS activity
in each cell depends on the status of the transduction signal activated by the cytokine
network. Since several stimuli act simultaneously or sequentially upon cells, it is not
surprising that cell and specie specific signals can be obtained.

The role of high levels of NO produced by NOS-II in the retina is poorly understood. A
beneficial antimicrobial, antitumoral and antiviral effect of NO could be considered. However,
we could speculate that it would perturbate the neurotransmission processes involving NO
described above (12-14), as well as phototransduction (15-16). Recently, we reported that NO
could affect RPE cell phagocytic activity in vitro, as evaluated by the rod outer segments (ROS)
ingestion in a radio-immunoassay (24). Results in Table 2 demonstrate that RPE cells produc-
ing large amounts of nitrite (stable end-product of NO) after LPS/IFN y treatment showed a
significant decrease in phagocytic activity (20% less than in control).

Furthermore, addition of the potent inhibitor of NO synthase, L-NMMA, which
inhibited nitrite release by LPS/IFN y-stimulated RPE cells, restored normal phagocytosis
of ROS membranes, demonstrating that endogenous NO is the compound involved in
LPS/IFN y-decreased RPE phagocytic activity. This inhibitory effect has also been observed
with addition of exogenous NO using a NO donor (24). We suggest that the production of
large amounts of NO in the retina, in addition to its beneficial effect (host defense), could
also be deleterious by perturbing ROS membrane phagocytosis by RPE cells. This inhibition
could lead to the accumulation of ROS debris between photoreceptors and retinal pigmented
epithelium, and ultimately result in photoreceptor degeneration.

EXPRESSION OF NOS-II IN DIFFERENT RETINAL PATHOLOGIES

During the last two years, we have investigated the possibility that NO could be one
of the mediators involved in the pathogenesis of retinal pathologies or degeneration.
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Recently, we demonstrated that NOS-II is expressed in vivo in human retina as a
result of viral infection (25). Indeed, NOS-II has been detected in cytomegalovirus (CMV)-
infected retina from AIDS patients by immunohistochemistry and was localized to CM V-in-
fected glial cells (astrocytes and RMG cells). The role of NO in viral infections of the retina
could be beneficial via its antimicrobial and antiviral effects, but also detrimental through
its potential to damage tissue.

We recently demonstrated (26) that intraperitoneal injections of NOS inhibitor,
NO-nitro-L-arginine methyl ester (L-NAME), inhibits clinical inflammation in the anterior
and in the posterior part of the eye induced by foot pad injection of LPS. This result
demonstrating that NO is involved in endotoxin-induced uveitis in Lewis rats was recently
confirmed by other studies (27).

NO and Light-Induced Retinal Degeneration

It has been proposed that light induced oxygen free radicals may be mediators of
retinal photic injury (28). Furthermore, several reports have demonstrated the protective
effect of free radical scavengers in the light damage model (28,29). However, the putative
action of NO has never been investigated in retinal degenerative diseases. We have investi-
gated the possible involvement of NO in light-induced photoreceptor degeneration by
intraperitoneal injection of L-NAME, an inhibitor of NOS, into albino Fisher rats maintained
in constant light for 7 days. By measuring the photoreceptor nuclear layer thickness, we
found that L-NAME partially protects against the degeneration of photoreceptors and acts
to maintain their morphological organization, with a more pronounced effect observed in
the superior hemisphere (Figure 1). The protective effect of L-NAME was dose dependent
and maximal protection (up to 35%) was obtained at 100mg/kg of L-NAME administered
every other day (30).

We also demonstrated using RT-PCR that constant illumination induced NOS-II in
the retina in vivo and that this induction correlated with photoreceptor degeneration. A
representative RT-PCR experiment, shown in Figure 2, reveals the presence of NOS-II
mRNA, 3 days after illumination which increases after 5 and 7 days. Non reverse transcribed

Cyclic Light Constant Illumination

Saline Saline L-NAME
Figure 1. Effect of L-NAME treatment on photoreceptor nuclear layer from rats exposed to constant light.
Photographs of the superior part of the retinas from rats exposed to cyclic light (A) or to constant light for 7
days (B,C), and either treated with saline solution (A,B) or with 100mg/kg of L-NAME (C). Adapted from
30).
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3 days 5 days 7 days

Cyclic light Constant light

Figure 2. Induction of iINOS mRNA in the retina during constant illumination. One microgramm of total RNA
extracted from the retina at the time indicated after constant illumination, was used for each RT-PCR, and iNOS
PCR product was identified using specific hybridization probe.

RNA (-) submitted to the PCR amplification steps, did not express NOS-Il mRNA, excluding
a contamination by genomic DNA. No significant difference in the expression of GAPDH
PCR product, used as an internal control, between different RNA extracts was observed,
confirming that similar amounts of RNA were transcribed in each sample (data not shown).

The cellular type(s) which is (are) the primary source of NO in the retina, namely
resident cell types (RPE or RMG cells) or infiltrating cells (macrophages), are currently
under investigation by attempting to localize NOS-II mRNA and protein respectively by in
situ hybridization and by immunohistochemistry. The involvement of NOS-I and NOS-III
has not been investigated, but their role should not be excluded.

A number of different pathways could be involved in the NO-induced light degen-
erative process : NO might act by eliciting a cGMP increase in the photoreceptor cells leading
to excess calcium influx (15,16). NO could ADP-ribosylate certain photoreceptor proteins
and modulate their activity (31, 32). NO could also act as a free radical capable of combining
with oxygen derivatives resulting in the production of the peroxynitrite anion, ONOO", which
rapidly releases the hydroxyl radical (33, 34). Alternatively, it is possible than an excess of
NO might impair the capacity of RPE cells to ingest photoreceptor outer segments, as
previously reported and lead to photoreceptor destruction. It will be very interesting to
determine which of these molecular mechanisms and cellular pathways are involved in the
rescue of photoreceptor degeneration by L-NAME.

Potential Role of NO in Other Retinal Diseases

In our previous study (24), we demonstrated also that, in addition to its effect on
phagocytosis, NO was able to inhibit the proliferation of these cells in vitro. This was
obtained either with the addition of a NO donor or with endogenous NO produced upon
stimulation with LPS and cytokines. It is thus possible that retinal pathologies where RPE
cells proliferate as in proliferative vitreoretinal diseases (35), the production of NO may
participate in the control of these cells. It will be of great interest to determine the
nitrate/nitrite content within the vitreous of these patients as a function of the evolution of
their pathology.

This will fit with the dual effect of NO which has been described in many other
systems such as in brain ischemia (36). An important feature is to distinguish between the
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respective role of the NOS isoforms and the possibility to regulate specifically their
expression. In addition, NO is only one of the free radicals present in tissues specifically in
the retina. The presence of superoxide anion is an important feature in the retina, since it
could combine with NO to give rise to peroxynitrite, a very toxic compound, as suggested
above (34). The effect of NO is a function of the redox environment where it is produced
(35). Thus, it is probable that the combination between these different free radicals induced
by inflammation is toxic to the cells.

Growth Factors Rescue and NO

Several growth factors have the property, if injected in the eye, to protect the retina
against degeneration in different pathologies. For instance, FGF-1 is efficient in partially
maintaining the integrity of the retina in RCS rat (37) and in light-induced photoreceptor
degeneration (38). Other growth factors or neurotrophic factors also have a protective action
in the latter model (39) and even in ischemic-reperfusion experiments (40). As mentionned
above the treatment with radical scavengers has a similar potential (28,29). These data seem
to indicate that common neurotoxic mediators may be involved in all these pathologies and
that NO may be one of them. One can hypothesize that FGF by its capacity to down-regulate
NOS-II expression and thus NO release, is partially able to protect the retina. In other words,
by using L-NAME to inhibit the production of NO, we overcome the effect of FGF. However
this hypothesis does not take into account that various growth and neurotrophic factors or
cytokines do not use the same receptors but form a network which share several pathways
in the transduction machinery. Thus, different responses to cytokines, growth factors and
neurotrophins can be expected in the treatment of retinal degeneration in various species. A
better understanding of the signalisation machinery will be the key to future treatment of the
retinal pathologies.
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INTRODUCTION

Growth factors regulate cell proliferation and differentiation (1). Epidermal growth
factor (EGF) is a polypeptide mitogen that stimulates division of various cell types in vitro
and, in particular, epithelial cells in vivo (1,2). It has been previously reported that the
addition of EGF to culture medium increases DNA synthesis and number of cultured human
retinal pigment epithelial (RPE) cells after 48 hr (3).

The EGF receptor (EGFR) is an oncogene protein that has intrinsic tyrosine kinase
activity and mediates its action by EGF and EGF-like molecules (transforming growth
factor-alpha [TGF-alpha], pox virus growth factors, and amphiregulin) (2). In several
malignant diseases, EGFR appears to be overexpressed, as noted by its increased autophos-
phorylation activity (4,5).

When cultured, RPE cells lose their highly specialized and differentiated nature, for
example, the failure to express cellular retinaldehyde-binding protein and the loss of melanin
granules (6). The activity of retinyl ester synthetase in RPE cells that converts all-trans
retinol to retinyl esters of fatty acids is rapidly lost in conventional culture media, and insulin
or insulin-like growth factor type 1 is required to maintain its activity (7). In this study, we
looked for the expression of EGFR in cultured human RPE cells to evaluate the transforma-
tive and undifferentiated characteristics of this neuroectodermal cell type in vitro .

MATERIALS AND METHODS

Human RPE Cell Culture

Human RPE cell cultures were established using 36-, 38- and 65-year-old donor eyes
within 12 hours after death. In brief, after removing anterior segment and vitreous, the eyecups
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were incubated with trypsin (0.05%)/ethylenediaminetetraaminicacid (EDTA) (0.53 mM)
(Gibco) solution in Hank’s balanced salt solution (HBSS) (Bio-Whittaker), without calcium
and magnesium (trypsin/EDTA solution), for 15 min at 37°C in 5% CO,. Following incubation,
trypsin/EDTA solution was aspirated, and the neural retina was separated from the RPE layer
with use of a spatula under visualization with a dissecting microscope. The eyecups were
washed twice with Dulbecco’s phosphate-buffered saline, without calcium and magnesium
(DPBS"). Further incubation of the eyecups was made for 10 min in trypsin/EDTA solution at
37°Cin 5% CQO,. At the end of the incubation, trypsin/EDTA solution was gently aspirated from
the eyecups. The eyecups were filled with 10% fetal bovine serum in minimum essential
medium (10% FBS/MEM, from Gibco). By performing pipetting under the dissecting micro-
scope, we could collect RPE in 10% FBS/MEM. Following centrifugation at 1000 rpm for 5
min at 4°C, the supernatant was discarded, and the RPE pellet was resuspended and incubated
with trypsin/EDTA solution for 5 min at 37°C. Thereafter, an aliqout of 10 ul was taken, and
the total number of RPE cells was counted with use of a Burke-Turk hemocytometer. Incubation
was stopped by adding 5 times the volume of ice-cold 10% FBS/MEM. Centrifugation was
performed at 1000 rpm for 5 min at 4°C. The pellet was resuspended and washed twice with
10% FBS/MEM. Human RPE cells were seeded at 37°C in 5% CO, in modified polysterene
dishes (Becton-Dickinson) at a density of 1x10* cells/cm? in 10% FBS/MEM containing 10
ng/ml of basic-fibroblastic growth factor (b-FGF) mutein CS23 (which is a generous gift of
Takeda Chemical Industries, Ltd., Japan) and heparin (17 U/ml, Lederle). It has been previously
reported that the serine was substituted for the cysteine residue at 70 and 88 of b-FGF mutein
CS23 to increase the stability of this protein (8). The medium was changed every 3 to 4 days.
Passages between numbers 5 and 10 were used for immunocytochemistry studies and im-
munoblotting technique.

Immunocytochemistry

At the indicated passage, the medium was aspirated, and the plates were washed twice
with DPBS". Following incubation with trypsin/EDTA solution at 37°C for 10 min, the RPE
cells were recovered from the plate by pipetting. Five times the volume of ice-cold 10%
FBS/MEM was added, and the solution was centrifuged at 1000 rpm for 5 min at 4°C. After
washing the pellet twice with MEM, RPE cells were seeded to glass chamber slides (Nunc)
in MEM at a density of 3x10*/cm?at 37°C in 5% CO,. Following incubation of the chamber
slides at 37°C for 3-4 hr, the medium was aspirated. These glass slides and cryosections of
the human retina prepared 7-9 p thick using a 48-year-old donor eye were air-dried, and
fixed with cold(-20°C) acetone for 10 min at room temperature (RT). The preincubation was
made with 0.3% hydrogen peroxide including 0.1% sodium azide in phosphate-buffered
saline (PBS) for 20 min at RT to remove endogeneous peroxidase activity (9). The slides
were washed twice with Tween-80 (0.05%) containing PBS (Tw-PBS). Incubations were
performed at RT for 2 hr with the following antibodies at a dilution factor 1/50, in Tw-PBS
containing 2% bovine serum albumin (BSA): anti-EGFR (activated and unactivated [mono-
clonal, clone:Z025, Zymed] and activated [monoclonal, clone:Z2026, Zymed]) and anti-
EGFR (polyclonal rabbit IgG raised against human recombinant EGFR extracellular domain,
Austral Biologicals Inc.). Incubation with anti-cytokeratin pan (a monoclonal antibody
mixture of the following clones: C-11, PCK-26, CY-90, Ks1A3, M20, A53-B/A2, supplied
as prediluted from Sigma) was performed at RT for 2 hr at a dilution factor 1/10, in
Tw-PBS-2% BSA. At the end of the incubation, the glass slides were washed 5 times with
Tw-PBS. Then the slides were incubated with the peroxidase-labeled second antibody (goat
anti-mouse or goat anti-rabbit, depending on the first antibody, Dako), 1/100 dilution, in
Tw-PBS-2% BSA for 30 min at RT. Following incubation with the second antibody, the slides
were washed 5 times with Tw-PBS then with PBS twice. The color development was
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achieved by 3-amino-9-ethylcarbazole (Dako) for 15 min at RT. Control slides were made
by omitting the first antibody in the incubation mixture containing Tw-PBS-2% BSA. The
reaction was stopped by transferring the slides to distilled water. Thereafter, they were
counterstained with Mayer’s hematoxyline and mounted with glycerol.

Immunoblotting

The immunoblotting was performed against EGFR and cytokeratin antigens. In brief,
after reaching the confluent state of the RPE cultures, the medium was aspirated and the
plates were washed twice with ice-cold DPBS- containing protease inhibitors (2.5 mM EDTA
[Dojindo Laboratories], 1 mM phenylmethylsulfonylfluoride [Sigma], 2 pg/ml leupeptin
[Boehringer-Mannheim], and 4 ug/ml pepstatin A [Sigma]). The RPE cells were recovered
by using a scraper, then they were centrifuged at 1000 rpm for 5 min at 4°C and washed
twice with the same buffer. The final pellet was resuspended (0.3-0.4 mg/ml protein
concentration) and sonicated (10 strokes, 1-sec interval) on ice in the same buffer and divided
into several portions. The protein assay was made (10), and the sample was lyophilized and
kept frozen at -80°C until its use. The lyophilized sample described was vortexed in sodium
dodecyl sulfate (SDS) sample buffer, sonicated (3 strokes, 1-sec interval) on ice and treated
for 1 hrat 37°C. Next, 14 ug of this sample and 5 pl of prestained protein standard (Bio-Rad)
was subjected to SDS/10% polyacrylamide gel electrophoresis, according to the method of
Laemmli (11). The electrophoretic transfer of the proteins to the nitrocellulose membrane
was carried out with a buffer consisting of 0.025 M Tris, pH 8.3/0.192 M glycine/20%
(vol/vol) methanol, 0.25% SDS by a Bio-Rad Trans-Blot apparatus overnight at RT (12).
The nitrocellulose membrane was incubated with 3% gelatin in Tw-PBS for 1 hr at 37°C to
block nonspecific binding followed by incubation overnight at 4°C with the first antibody
(anti-EGFR [polyclonal], 1/1000 dilution, and prediluted anti-cytokeratin pan [monoclonal],
1/100 dilution), in 2% BSA/Tw-PBS. After washing with Tw-PBS five times, incubation for
1 hr was made with the second antibody (alkaline phosphatase-conjugated goat anti-rabbit
IgG or goat anti-mouse IgG, depending on the first antibody, Cappel, 1/5000 dilution) in 2%
BSA/Tw-PBS at 37°C. The membrane was washed with Tw-PBS five times and then with
Tris-buffered saline (pH 9.5) twice. The color was developed with a solution containing 10
ml of 100 mM NaCl, 5 mM MgCl,, 100 mM Tris/HCI, pH 9.5, 66 pul of NBT solution (50
mg/ml nitroblue tetrazolium in 70% dimethyl formamide), and 33 pl of BCIP solution (50
mg/ml 5-bromo-4-chloro-3-indolyl-phosphate, p-toluidine salt in dimethyl formamide) for
10 min at RT. The reaction was stopped by washing the membrane with distilled water.

RESULTS

The cultured human RPE cells were achieved from donor eyes, using the appropriate
isolation technique described, and were free of other retinal or choroidal cells (Fig. 1 A and
B). The proliferation of cultured human RPE cells was observed within 2-3 weeks from the
initial seeding using 10% FBS containing 10 ng/ml b-FGF with heparin. At passage S and
9, most of the proliferated human RPE cells had lost their pigmentation (Fig. I C and D).
We found the addition of b-FGF to be essential, as the human RPE cells became more
epitheloid shaped in b-FGF and heparin-containing medium (Fig. 1 C and D).

The cultured human RPE cells isolated from three donors exhibited EGFR immunore-
activity by using a monoclonal antibody against the synthetic 30 residue region of EGFR
(Fig. 2 A) and also a polyclonal antibody against human recombinant EGFR (data not
shown). However, we could find no immunoreactivity to the activated EGFR by a mono-
clonal antibody against tyrosine-phosphorylated human EGFR (Fig. 2 B). The sample
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Figure 1. Cultured human RPE cells isolated from the 38-year-old donor eye. (A) primary culture, X240 (B)
passage 1, X240 (C) passage 5, X240 (D) passage 9, X120.

Figure 2. (A) The immunocytochemistry of the epidermal growth factor receptor (EGFR), (B) activated EGFR
of the cultured RPE isolated from the 36-year-old donor eye at passage 8, X240. (C) Control where first
antibody omitted, X240. Counterstained with Mayer’s hematoxyline. Arrows indicate EGFR immunoreactive
cellsat A.
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Figure 3. (A) Cytokeratin immunocytochemistry of the cultured human RPE cells from the 65-year-old donor
eye at passage 7, X480. (B) Control where first antibody omitted, X480. (Nomarski optics).

without first antibody showed no staining (Fig. 2 C). The cryosections of the retina from the
48-year-old donor eye failed to show EGFR immunoreactivity at RPE (data not shown) using
the immunohistochemical technique described.

The cytokeratin immunoreactivity of the cultured human RPE cells isolated from
three donors also was found positive (Fig. 3 A) where the control lacked reaction product

(Fig. 3 B).

The immunoblotting of the cultured human RPE cell extract against EGFR showed

one band at 170 kDa (Fig. 4). The immunoblotting using the same sample against cytokeratin
stained two bands with molecular weights 45 kDa and 40 kDa (Fig. 4).

Figure 4. The immunoblotting of epidermal growth
factor receptor (EGFR) and cytokeratin (CK) using ex-
tract of the cultured RPE cells isolated from the 36-year-
old donor eye at passage 8. Arrows on the left side of
the immunoblotted membranes indicate the molecular
weights of standard proteins as myosin (202 kDa), beta-
galactosidase(133 kDa), bovine serum albumin (71
kDa), carbonic anhydrase (41.8 kDa) and soybean tryp-
sin inhibitor (30.6 kDa). Arrows on the right side of the
immunoblotted membranes indicate the molecular
weight of EGFR,170 kDa, cytokeratin 18,45 kDa and
cytokeratin 19,40 kDa, respectively.

202.0 —»
133.0—»

71.0—»

41.8 —p
30.6 —»

EGFR CK
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DISCUSSION

EGF acts through a cell surface receptor, EGFR, which has three functional domains
(2). The EGF-binding domain of EGFR is located on the external cell surface, which might
be secreted or truncated from the transmembrane domain of the receptor, although the
physiological nature of this process is not well-known (13,14). The cytoplasmic domain of
EGFR has intrinsic tyrosine kinase activity, which has a central role in the regulation of cell
protiferation (1).

It has been reported that EGF is a potent mitogen of cultured human RPE cells (3).
The synthesis of EGF and TGF-alpha by neural retinal cells may indicate that these secreted
growth factors may be used by the secreted cells themselves (autocrine effect) and/or by the
RPE cells (paracrine effect) (15). High EGFR activity was found in Muller cells of the retina
when they were cultured (16). The presence of high affinity TGF-alpha/EGF-receptors in
membrane homogenates of the bovine neural retina has been reported, although isolated
bovine RPE homogenates showed no detectable receptor activity (15). We also could find
no immunoreactivity of EGFR at the human RPE using cryosections of donor eye retina.
However, our results showed the expression of EGFR by cultured human RPE cells (Figs.
2 A and 4). Why cultured human RPE cells failed to express activated (tyrosine-phosphory-
lated) EGFR remains unknown (Fig. 2 B). The immunoblotting of EGFR using the human
RPE cell extract stained one band at 170 kDa (Fig. 4), which is in agreement with the
molecular weight of EGFR reported in other tissues and cell lines (2).

In our study, cytokeratin was used to determine whether the cultured cells that
expressed EGFR were epithelial in origin. We have shown that the cells used in this study
also expressed cytokeratin, as detected by immunocytochemistry (Fig. 3 A) and immunoblot-
ting (Fig. 4). Our immunoblotting results using cytokeratin antibody demonstrated that the
stained bands were cytokeratin 18 and 19. Cytokeratin 18 has a molecular weight of 45 kDa,
which represents the cytoskeleton of simple epithelial cells (17,18). Cytokeratin 19, which
has a molecular weight of 40 kDa, is reportedly observed primarily in proliferating human
RPE cells (17,18). We also found cytokeratin to be a useful marker of RPE. As the human
RPE cells lost some of their differentiating characteristics, such as pigmentation and
phenotype after subsequent passages (Figs. 1 Cand D, 2, and 3), it might have been difficult
without cytokeratin to identify the origin of the cells in culture.

In vivo, RPE cells lack mitosis. However, RPE cells have been implicated in the
proliferation and induction of new fibrovascular membrane formations in certain diseases,
such as proliferative vitreoretinopathy (19), proliferative diabetic retinopathy (20), and
age-related macular degeneration (21). In addition, RPE cells participate in ocular wound
healing, as seen in hyperpigmented retinal scars after cryotherapy (22) and laser photoco-
agulation (23). Through their oncogene receptor EGFR, EGF and TGF-alpha may play a part
in activating the proliferation of RPE cells in pathological conditions. In the Royal College
of Surgeons rat, retinal neovascularization and vascular transformations are stimulated by
diseased RPE (24). Angiogenesis is promoted by EGF and TGF-alpha by their binding to
several target cells in vitro (25). However, it has been shown that TGF-alpha is more potent
than EGF in inducing the formation of new blood vessels in vivo (25). In proliferative
diseases of the retina, EGF and/or TGF-alpha may be secreted by RPE cells for their autocrine
effect to express EGFR; otherwise, the supply of these growth factors from adjacent neural
retinal cells to RPE cells may contribute in a paracrine fashion to the induction of this
oncogene protein by RPE cells.

In conclusion, we think that the expression of EGFR may be related to the mitotic
and transformative changes of human RPE ir vitro, as shown in our study, and in certain
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ocular diseases, which needs to be proved. Additional studies are necessary to understand
the mechanisms involved in the expression of EGFR by cultured human RPE cells.
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For many years we followed with great interest the comparative advances of
genetics in the mouse[1] and in human.[2] Relative frequencies of dominant and recessive
traits were similar, mapping of genes proceeded at similar rates, and comparative mapping
produced surprises through the discovery of the large number and size of mouse and
human homologous chromosomal segments retained since the separation of the species
65 million years ago. What was different between mouse and human was the relative
frequency of genetic eye disorders, that is, they were relatively frequent in human, and
rare in mouse. Recognizing this was because of bias in ascertainment, because mice do
not refer themselves for visual diagnosis and treatment, we began a systematic program
to find and characterize mouse eye disorders. The Jackson Laboratory, having the largest
collection of mouse mutant stocks and genetically diverse inbred strains was an ideal
place to look for genetically determined eye variations and disorders. We have not been
disappointed. Through ophthalmoscopy, electroretinography and histology, we have dis-
covered disorders affecting all aspects of the eye including the lid, cornea, iris, lens, and
retina, resulting in cornea disorders, cataracts, retinal degenerations and glaucoma. Ad-
ditional studies have shown predisposition to certain eye problems in aged mice of specific
stocks or strains.

Precise mapping of these mutations along with the extensive knowledge of the
homologous regions of mouse and human chromosomes, make it possible to predict mapping
locations of human homologs. Some of these are good models and actual genetic homologs
of human eye disorders. Having homologs of human eye disorders in a genetically well
characterized experimental mammal such as the mouse, can lead to understanding of primary
actions of genes, developmental timing and anatomical or physiological etiologies, pre-clini-
cal development, as well as providing a tool for experimenting with diet or other environ-
mental conditions in hopes of ameliorating disease. In this report we review salient findings
on the known retinal degenerations, ped, nr, rdl and Rd2, and summarize information on
newly discovered retinal degenerations mnd, rd3, Rd4, and rd5.

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al.
Plenum Press, New York, 1995 77
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FOUR PREVIOUSLY KNOWN RETINAL DEGENERATIONS IN
THE MOUSE

Purkinje Cell Degeneration (pcd)

Two neurologic disorders with slow progressive photoreceptor degeneration have
been reported in the mouse. The first, Purkinje cell degeneration (pcd), is an autosomal
recessive mutation that arose on the C57BR/cd] strain. Homozygotes show a moderate ataxia
beginning at 3 to 4 weeks, and then there is rapid degeneration of nearly all cerebellar
Purkinje cells beginning at 15 to 18 days. This is accompanied by a slower degeneration of
photoreceptor cells of the retina and mitral cells of the olfactory bulb.[3,4] Complete
degeneration of photoreceptor cells proceeds slowly over a year.[5,6]

Nervous (nr)

The second, nervous (n7), arose on the BALB/cGr strain. At 2 or 3 weeks homozy-
gotes are obviously smaller with hyperactive ataxic behavior. By 23 to 50 days, there is a
90% loss of Purkinje cells, subsequent to which most Purkinje cells degenerate

Degeneration of the photoreceptors in the retina is observable at 13 days, and large
whorls of outer segment membranes are present at 3 weeks. Outer segments eventually
completely disappear.[3,7]

Retinal Degeneration -1 (rd1)

A third retinal degeneration and one of major importance, is rd/ (formerly rd,
identical with rodless retina, r .[8,9] This mutation has been found among several
commonly used laboratory inbred strains, as well as in inbred strain MOLD/RK, a strain
derived recently from feral mice of Mus musculus molossinus in Japan.[10] The rdl gene
on mouse chromosome 5 codes for the B-subunit of cyclic GMP-phosphodiesterase, and
has been mapped to human chromosome 4p16.[11,12] Through linkage analysis using
recombinant inbred strains, a close genetic association of the rd gene was found with an
endogenous xenotropic murine leukemia virus, Xmv-28.[13] In rdl homozygous mice
there is no known defect other than that of the retina. The eyes appear normal up to about
10 days when the outer segments and the rod cells degenerate rapidly; and by day 35 of
age, they have disappeared. Figure 1 shows the typical retinal outer segment loss seen
in rd1 homozygotes.

Retinal Degeneration -2 (Rd2)

A fourth retinal degeneration is retinal degeneration-slow, formerly rds. Later it
was found to be partially dominant and so renamed Rds, and it has since been renamed
Rd?2 in the series because its slow progression is no longer unique. This mutant gene was
first found in strain O20/A and mapped near H2 on chromosome 17.[14] This gene in
homozygous condition causes onset retinal degeneration, at 7 days but the progression
is relatively slow. The outer nuclear layer degenerates slowly and is gone by nine months
in the peripheral retina and 12 months in the center.[15,16] In heterozygotes, the outer
segments are abnormal, with a very slow rate of photoreceptor cell loss. An mRNA
encoded by Rd2 is specific to retinal photoreceptors[17], and the normal product of the
gene is peripherin.[18]
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CBA/J-rdl/rd1 CS7BL/6J (normal)

Figure 1. Retinal degeneration at 1 month of age for rd/ homozygotes (left) and normal mice.

Alonger description of these mutations and their effects with further citations is found
in the Mouse Genome Database[1]

FOUR NEW RETINAL DEGENERATION MUTATIONS

Motor Neuron Degeneration (mnd)

Motor neuron degeneration was originally discovered in strain B6Kb2/Rn, a
congenic strain for markers on chromosome 17. Like pcd and nr, it is a neurologic disorder
characterized by gradual hind limb paresis beginning at 5 months and progressing to
paralysis by 14 months.[19,20,21] It is a good model for human Batten disease and its
expression is clearly recessive.[22] Using indirect ophthalmoscopy, we found early arteriolar
attenuation, venous dilation, and a granular appearance to the retinal pigment epithelium by
6 weeks.[23] By 7 months, indirect ophthalmoscopy showed tiny scattered drusen through
the retinal pigment epithelium. Histology showed photoreceptor cells reduced in the periph-
eral retina by 2 months and absence in the entire retina by 6 months. The ERG was
undetectable with single flash methods at 6 months. Ultrastructural studies showed in all
layers of retina distinct cytoplasmic lysosome-like inclusions characteristic of curvilinear
profiles observed in lysosomes of neurons from humans with ceroid lipofuscinosis. The
disease process in homozygous mnd mice is similar to Spielmeyer-Vogt disease in children.
In both mouse and human, the retinal degeneration occurs before neuromuscular dysfunc-
tion. The course of the retinal disease and neurologic defect in mice is different. The retinal
degeneration was nearly complete by 6 months, but the motor neuron abnormalities began
around 6 months. Mapping of the human disorder is tentatively to chromosome 16. The mnd
location on the proximal end of mouse chromosome 8 has nearby homologous segments for
human chromosomes 8, 13, 19, and 21.[24] At this point, we can only say mnd is a good
model of Batten disease, but may not be a genetic homolog.
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Figure 2. The electroretinogram to the left is that of RBF/DnJ homozygous for rd3, compared with the normal
on the right.

Retinal Degeneration -3 (rd3)

We discovered retinal degeneration -3 (rd3) in strain RBF/DnJ and related strains,
all carrying Robertsonian chromosomes with ancestry in a stock of mice derived from the
Valle de Poschiavo in Switzerland.[25] We had originally imported the stock to The Jackson
Laboratory for chromosomal studies. In homozygotes, photoreceptor degeneration starts by
3 weeks. The rod photoreceptor loss is complete by 5 weeks, although remnant cone cells
are seen through 7 weeks. Figure 2 shows the electro retinograms with time course for the
homozygous rd3 compared with normal. Ultrastructural analysis indicates that photoreceptor
death occurs by apoptosis.[26 This is the only mouse homozygous retinal degeneration so
far known in which photoreceptor cells are initially normal. We mapped the locus to position
87 on mouse chromosome 1 about 10cM distal to Akp 1. In that location it is one of the most
distal loci known on chromosome 1. Homology mapping suggests the homologous human
locus should be on chromosome 1q.

Fig. 2 shows the electroretinographs of affected and normal mice; This ERG is the
maximal response from a 10 p second single-flash stimulation (intensity 73 ft -Lamberts -s)
The wave form of rd3 homozygotes was 25% normal and largest at four weeks but
undetectable by 7 weeks.

Retinal Degeneration -4 (Rd4)

We discovered retinal degeneration-4 (Rd4) in a stock of mice with a chromosomal
inversion, In(4)56Rk, induced with 1000r cesium.[27,28] In this dominantly expressed
condition, retinal plexiform layers begin to reduce at 10 days of age and show a total loss of
photoreceptor cells at 6 weeks. Recordable electroretinograms (ERG) are poor at 3 to 6 weeks
and barely detectable after 6 weeks of age. Retinal vessel attenuation, pigment spots and
optic atrophy appeared in the fundus at 4 weeks of age. Inversion In(4)56 Rk, which spans
most of mouse chromosome 4, is homozygous lethal. In all crosses mice carrying the
inversion always exhibit this retinal degeneration.

Although females and males were examined to characterize the retinal degeneration,
only the males were followed for linkage analysis In all crosses typing for the inversion was



New Retinal Degenerations in the Mouse 81

Table 1. Mouse strains with different retinal degenerations

Phenotype evaluation

Retinal vessels  Photoreceptor cells b-wave of ERG

attenuate and degenerate and decreases and is Chromosome
disappear by disappear by flat by —_——
(months) (months) (months) Mouse Human
C3H/HeJ rd1/rd1 2 1 1 Chr.5  4pl6
C3H-Rd2/Rd2 14 12 9 Chr. 17  6p
C57BL/6J-ped/ped 14 13 10 Chr. 13 5q?
C3H-nr/nr 11 10 8 Chr.7  8p?
C57BL/6J-mnd/mnd 8 6 5 Chr. 8 16?
RBF/DnJ rd3/rd3 3 3 2 Chr.1 1g32
In-56 Rd4/+ 2 2 1 Chr.4 8qorlp
C57BL/6J-rd5/rd5 8 8 5 Chr.7 1lpl5

by examining histological sections of testes for a high frequency of first meiotic anaphase
bridges.[29] In numerous crosses Rd4 always was associated with the inversion. If Rd4 were
in the central 4/5 region of the inversion, it should easily recombine with it. The simplest
explanation, postulating no more than the two breakpoint mutations, is that Rd4 is located
at one of the breakpoints of the inversion, perhaps part of a large deletion which makes the
inversion homozygous lethal. Comparative mapping of the breakpoint regions of the
inversion would place a homolog of Rd4 on human chromosomes 1p or &q.

Retinal Degeneration -5 (rd5)

Retinal degeneration -5, rd5, was found in our systematic examination of mutant
mice from the Mouse Mutant Resource of The Jackson Laboratory.[30] It was found in
C57BL/6-tub, now a subline of C57BL/6J wherein a mutation to tubby (tub) occurred in
1977. . Indirect opthalmoscopy revealed arteriolar attenuation, venous dilation and a granular
appearance in the retinal pigment epithelium by six weeks of age. By five months there was
retinal vessel attenuation and loss of pigment epithelium. At this time patches of pigment
deposits are clear. From 3 to 7 months, biomicrosopy showed fine drusen through the retinal
pigment epithelium. Electroretinography revealed deterioration parallel with the direct
observation. Hearing tests showed that rd5 homozygotes were virtually deaf at 90 to 100 dB
by 5 to 6 months of age, whereas heterozygotes were normal. Linkage studies place rd5 close
to tub on chromosome 7. but we cannot yet rule out the possibility that rd5/rd5 is a
manifestation of tub/fub. Comparative mapping would place a homolog on human llp15, the
region where one study has located a human Usher Syndrome Type 1.[31]

Table 1 summarizes the age of onset and progression of retinal degenerations for all eight
mutations. Figures 3 and 4 show schematic representations of changes in visual cell structure of
the eight mutations from their onset to complete degeneration. Although the end point in retinal
degeneration is very similar in appearance among the mutations, there is a richness in variation of
onset and progression, offering opportunities for study and experiments to ameliorate the
conditions. Table 1 further provides potential locations of human homologs derived from
comparative mapping of large conserved chromosomal segments in mouse and human.

In surveying the literature on mouse and human retinal genetic disorders, it is
surprising that no X-linked forms have yet been described in the mouse, and yet so many
are known for the human X chromosome[1,2]
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Rd2/Rd2
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nr/nr

Figure 3. Schematic representation showing changes in visual cell structure of the retina of mutants rd/, Rd2,
ped and nr, as well as normal mice from 1 week until the age of 12 months. GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PH,
photoreceptors; PE, pigment epithelium.

The variety of backgrounds on which retinal mutations have been found is im-
portant to note. Some are associated with other naturally occurring mutations (nr, pcd,
mnd, and perhaps fub) and are no doubt in each a part of a syndrome of effects; some
were found as mutations in widely different inbred strains including some recently derived
from feral populations (rd1, rd3), one from a commonly used inbred strain (Rd2), and
one in the breakpoints of an inversion induced by irradiation (Rd4). There are differences
in expression, i.e. dominance and recessiveness, although as for retinal degeneration each
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W 2w IM 2M 3M 6M 9M 12M W 2w IM 2M  3M &M
Normal Mouse mnd/mnd

w 2w IM 2M 3M 1w 2w 1M 2M
rd3/rd3 Rd4/+

W 2w 1M 2M 3M 6M 9M
rdS/rdS

Figure 4. Schematic representation showing changes in visual cell structure of the retina of mutants mnd, rd3,
Rd4, and rd5, as well as normal mice from 1 week until the age of 12 months. GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PH,
photoreceptors; PE, pigment epithelium.

is fully penetrant and within mutants the expression is very consistent. Clearly wherever
there is genetic variation, there is an opportunity to find genetic effects on the retina.
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CHORIORETINAL INTERFACE
Age-Related Changes in Rodent Retina
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SUMMARY

Ultrastructural features related to ageing that specifically concern the basal aspect of
the retinal pigment epithelium (RPE) and underlying Bruch’s membrane (BM), were studied
in rat and rabbit. Disintegration of the regular arrangement of RPE basal infoldings, a
massive increase in basal lamina-like deposits, and the presence of unusual collagen
polymers are common features in both rodent species. In the rat, minor strain-specific
variations exist as to the pattern and severity of particular alterations. A morphometric
evaluation revealed that, in the Fischer rat, RPE hemidesmosomes are markedly decreased.
Basal infoldings tend to shed which may contribute to the formation of vesicular deposits in
senescent BM. Moreover, RPE cells show an increase in coated pits, lysosomes, and
intermediate filaments.

INTRODUCTION

Senile macular degeneration (SMD) is the second cause of visual impairment in the
elderly. The fact that only very limited therapeutic possibilities are presently at hand, resides
in the problematic assessment of the pathophysiological etiology of the various clinical forms
(e.g. 2, 11) and, moreover, in the scarcity of adequate animal models. It is, however, generally
accepted that changes at the retino-choroidal interface are prerequisites for the formation of
SMD (3). Other factors such as exogenous and endogenous toxic effects and a genetic
predisposition may also contribute to its development.

Given the functional importance of the retino-choroidal interface in transport
mechanisms and retinal adhesion and integrity, we investigated ultrastructural features

: Correspondence: Dr. P.M. Leuenberger, Clinique d’Ophtalmologie, Hopital cantonal universitaire, 22, rue
Alcide-Jentzer, CH-1211 Genéve 14. Fax: ++41 22 38 28 382.
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of both the basal aspect of retinal pigment epithelium (RPE) and Bruch’s membrane (BM)
in ageing specimens of rat and rabbit. Both species display common morphological
characteristics, although species differences exist. By comparing two rat strains (Fischer
and Wistar), we also found strain specific senile patterns. An ubiquitous, ultrastructurally
well defined feature associated with the senescent RPE is disintegration of the regularly
arranged basal infoldings attached to the basal lamina of BM, accompanied by a decrease
in the ultrastructurally well defined attachment sites, the hemidesmosomes. Furthermore,
we describe cell-associated changes such as an increase in coated pits, lysosomes, and
intermediate filaments as well as extracellular matrix-associated changes observed as a
massive accumulation of basal lamina-like material and unusual collagen polymers in-
tercalated between RPE and BM.

MATERIALS AND METHODS

Animals

Albino rats of both the Fischer and Wistar strain were aged to 28-31 months. The
animals were kept in a 12 hrs light - dark cycle at 110 and 20 Lux. For overall morphology,
two month-old Wistar rats served as control. Morphometric measurements were done on two
groups of 12 animals each of the Fischer strain that had been aged to 16 months (control)
and 28 months respectively. Albino rabbits of the New Zealand and Alaska strain were
between 3 and 4 years old.

Electron Microscopy

Rats were sacrificed 3-4 hrs after onset of light, after premedication with pento-
barbital and according to the laws on animal experimentation of the cantons of Geneva
and Basel. Eyes were fixed by immersion in 2.5% glutaraldehyde, 0.1M cacodylate buffer
(pH 7.2), supplemented with 0.2% tannic acid. After rinsing in 0.1M cacodylate buffer
(pH 7.4), the tissue pieces were postfixed in 1% osmium tetroxide in 50mM cacodylate
buffer (1hr, 4°C) stained “en bloc” with 2% uranyl acetate in SO0mM maleate buffer (1hr,
4°C), dehydrated through a series of increasing concentrations of ethanol, and embedded
in Spurr resin.

Thin sections were conventionally stained with uranyl acetate and lead citrate and
observed in a Philips EM 300 electron microscope.

Morphometric Procedures

Seven eyes of both senile and control Fischer rats were chosen arbitrarily and 3
tissue blocks per eye were selected randomly. Thin sections were rapidly screened and
the first grid square displaying the entire height of the RPE with adjacent Bruch’s
membrane was taken as start point for series of up to 15 micrographs. Overlaps were
avoided. Pictures were taken at a magnification of 6000x. After conversion to a positive
film, morphometric analysis was done on a light screen at a final magnification of 17000x.
The morphometric method used was essentially as described (14) using a transparent test
grid placed over the projected micrograph. The number of coated pits in the plasmalemma
of the basal infoldings and the number of hemidesmosomes were counted as a function
of Bruch’s membrane length (um). Maximal penetration of the basal infoldings was
expressed as a function of the mean height of RPE cells. For statistical analysis, the
Student’s t-test was used.
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RESULTS

1. Morphological Characteristics

Prominent age-related alterations in both rat and rabbit involve both cytoplasm and
underlying extracellular matrix (ECM) of RPE cells and BM. As exemplified for the Fischer
strain, the cytoplasm of young RPE cells (Fig. la) is characterized by the presence of
numerous lipid droplets and smooth endoplasmic reticulum with clustered free ribosomes.
Regularly oriented basal infoldings abut onto the basal lamina of Bruch’s membrane, the
electron dense layer of which measures about 40nm in thickness. In the aged RPE (Fig. 1b),
ribosomes are associated with the endoplasmic reticulum. Lipofuscin granules and primary
lysosomes (Fig. 5a) are frequent and, in some of the cells, intermediate filaments are
hypertrophied (not shown). The basal infoldings are heavily disorganized and many of them
do not end on the original basal lamina. Hemidesmosomes are enlarged and electron dense
(Figs. 1b and 2b). By contrast, electron density of the lamina densa belonging to the basal
lamina is strongly decreased. Instead, such material now forms extracellular invaginations
extending deeply into the epithelium (Figs. 2b and 3). The presence of associated hemides-
mosomes indicates that the plasma membrane lining these extracellular pouches has main-
tained its basal characteristics.

In the senile Fischer rat, the basal lamina-like material contains electron dense
fibrillar structures (Figs. 2-4) of distinct periodicity probably representing unusual collagen
polymers. One such type are electron dense fibrils displaying 130nm periodicity (fibrous
long-spacing collagen, FLSC). They form higher order linear or stellar aggregates (Figs. 2a
and 3). Another type of polymers are microfibrils of 10-15nm diameter (Fig. 2b) that, in
longitudinal and cross-sections, display staining irregularities suggesting a helicoidal nature.
Microfibrillar collagen and FLSC may be physically contiguous as are FLSC and collagen
fibers of normal (66nm) periodicity. Fig. 4 shows an extended fiber sheet, where FLSC and
normal collagen are associated both laterally and longitudinally. Such mixed polymers are
found intercalated between entirely normal collagen fibers of BM and pure FLSC close to
the basal plasmalemma of RPE.

Figure 1. Interface of RPE-Bruch’s membrane (BM) in young (a) and aged (b) albino rats. a, Two month-old
specimen of the Wistar strain showing regular arrangement of basal infoldings (IN) with numerous hemides-
mosomes (HD) and puncta adherentia (PA). The electron-dense portion of the basal lamina (BL) is well
delimited to about 40nm thick-

ness. Note the presence of

smooth endoplasmic reticulum

(sER) and lipid droplets (L). Ar-

row points to lamellar material

in the intercellular space. b,

Thirty-one month-old specimen

of the Fischer strain. Basal in-

foldings are irregular. The la-

mina densa of BL is thickened

and of decreased electron den-

sity. Hemidesmosomes are en-

larged. The cytoplasm is filled

with rough endoplasmic reticu-

lum (rER) and lipofuscin (LF).

CR, Contractile ring; AJ, adher-

ens junction. Bar, Iuym.
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Figure 2. Unusual collagen
polymers in the RPE-Bruch’s
membrane interface of aged
Fischer rats. a, Fibrous long
spacing collagen (fC) display-
ing 130 nm periodicity (small
arrows). b, Continuity (arrow-
heads) between microfibrils
(mC) and fibrous-long-spacing
collagen fibers. BL, basal la-
mina-like material; HD hemi-
desmosomes; IN, infoldings; N,
nucleus. Bar, 1um.

Using the same fixation procedure, senile rats of the Wistar strain do not
display FLSC aggregates as observed in the Fischer strain. However, large deposits
of basal lamina-like material and abnormal collagen polymers other than FLSC between
RPE and BM are abundant (Fig. 5). Hemidesmosomes at basal infoldings in contact
with the former basal lamina are scarce (a). Such cytoplasmic basal extensions tend
to vesiculate (b).

Similar to what has been observed in the rat, senile alterations at the RPE-BM
interface of the rabbit are also accompanied by an increase in basal lamina-like material and
abnormal collagen polymers (not shown). In addition and unlike in rats, RPE cells were
observed to locally protrude into BM (Fig. 6) in areas where the structure of the basal lamina
appeared to be interrupted, though intercellular junctional complexes were well preserved
in these regions.

Figure 3. Oblique section through
the basal aspect of RPE in an aged
Fischer rat showing an extracellu-
lar invagination filled with basal
lamina-like deposit (BL) and fi-
brous long-spacing collagen (fC).
Note numerous coated pits (arrow-
heads) associated with collagen fi-
bers. IN, infoldings; N, nucleus.
Bar, lpm.
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Figure 4. Oblique section
through Bruch’s membrane (BM)
and adjacent basal infoldings
(IN) of an aged Fischer rat. A
large fiber sheet shows continuity
between collagen of normal peri-
odicity (C, 66 nm) and fibrous
long-spacing collagen (fC, small
arrows). A lateral array in the 130
nm collagen fiber sheet is typical
for a transition zone (arrowhead)
between the two polymers. Note
that collagen fibers close to the
cell surface are of abnormal,
those within Bruch’s membrane
of normal periodicity. Bar, 1pum.

2. Morphometric Evaluation of Senile Alterations in the Fischer Rat

Table 1 summarizes some of the parameters considered in the stereological study on
age-related changes linked to the basal aspect of RPE. The epithelial cell volume remains
constant with increasing age but the volume of basal lamina-like material intercalated
between BM and basal RPE plasmalemma increases more than threefold. The presence of
deep extracellular invaginations (cf. Fig. 3) into the RPE is reflected in an increase of the
relative height of the cell compartment occupied by basal infoldings. Similar observations
have been reported previously (5). The number of hemidesmosomes per unit length of BM
is drastically decreased, while the number of coated pits within the basal plasmalemma is

Figure 5. Typical senile alterations at RPE-Bruch’s membrane interface in the Wistar rat. a, Decreased
epithelial thickness and presence of large amounts of extracellular deposits in between the infoldings. Arrows
point to few hemidesmosomes still in contact with the original basal lamina (BL). The cytoplasm is filled with
lysosomes (L). b, High magnification of infoldings some of which are in contact with the former basal lamina
but tend to vesiculate (arrowhead). The bulk of infoldings (IN) have no contact with extracellular matrix. IF,
intermediate filaments. N, nucleus; C, aberrant polymers of collagen; CC, choriocapillary. Bars, 1um.



92 P. M. Leuenberger et al.

Figure 6. View of basal aspect
of RPE and Bruch’s membrane
in a 4 year-old rabbit. Mount of
2 consecutive electron micro-
graphs. Basal lamina (BL) con-
tinuity is interrupted and 2
adjacent epithelial cells are dis-
placed basally (arrowheads).
Note the presence of leucocytes
(LE) in the choroidea. PH, pho-
toreceptor outer segments. AJ,
adhaerens junction. Bar, 2.5um.

increased. Interestingly, coated pits in the senile rat are frequently associated with FLSC (cf.
Fig. 3), a situation that is virtually never observed in the young rat.

Taken together, these evaluations show that a disproportional increase in extracellular
basal lamina-like material, intercalated between RPE and BM, is correlated with a general
decrease in hemidesmosomal attachment sites. Moreover, endocytic or secretory activity of
the RPE is disturbed as judged by the number of coated pits often associated with collagen
polymers within the basal plasmalemma.

DISCUSSION

In this study, we describe age-related alterations at the chorio-retinal interface in rat
and rabbit that specifically concern both basal infoldings of RPE and adjacent basal lamina
of BM. These alterations appear to be ubiquitous and resemble those described earlier in
human (3), rat (4, 5) and mouse (9). However, pronounced species- and strain-specific
differences exist as to the severity of particular changes. The massive increase in volume
and thickness of extracellular basal lamina-like material in between RPE and BM appears
to be correlated with a decrease in both the hemidesmosomes and basal infoldings in contact
with the original basal lamina leading to a reduction of physical contact between RPE and

Table 1. Stereologic comparison of parameters linked to
RPE - Bruch’s membrane

Young rats (n=7) Oldrats (n=7) P
V¢ (um?) 80.89 + 1.26 80.63 + 1.76 p>09
VeL/Vc (%) 3.25+0.33 11.45+1.42 p<0.01
Hn/He (%) 20.05+1.13 38.35+1.74 p<0.0l1
HD/Lgy (n/pm) 2.78+0.1 1.66 +0.15 p<0.01
CP/Lyg,, (n/pm) 0.33 £ 0.08 0.56 +0.01 p<0.01

Ve, cell volume; Vg, volume of basal lamina-like material; Hyy, height of
cytoplasmic area occuped by basal infoldings; H, RPE cell height; HD,
hemidesmosomes; L, length of Bruch’s membrane; CP, coated pits.
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BM. It might be speculated that reduction of specialized attachment sites ultimately lead to
RPE detachment, a general feature observed in human SMD. Nevertheless, intercellular
cohesion between the epithelial cells remains preserved and it is conceivable that reattach-
ment of RPE, regularly observed in human, is based on the preservation of intercellular
junctions and apical-basal cell polarity.

Given the continuous interactions between epithelial cells and underlying extracel-
lular matrix, we cannot decide by ultrastructural criteria, which of the observed senile
alterations, whether associated with RPE or extracellular matrix, represents the primary
cause triggering the pathological cascade. Clearly, senescent RPE cells display distinct
morphological features indicating alterations in the synthetic and catabolic machinery, such
as the presence of rough endoplasmic reticulum and a high number of primary lysosomes
and coated pits, the latter being often associated with fibrous components that may represent
aberrant collagen polymers. Moreover, an increased intermediate filament content may be
indicative of a general pathological state of RPE cells reminiscent of that of gliotic cells.

We believe that the senile modifications in the chorio-retinal interface described
above decrease sensibly the metabolically active exchange surface between the choriocapil-
laris and outer retina, a situation which, ultimately, may contribute to impaired photoreceptor
function. Both, alterations at the chorio-retinal interface and reduced retinal sensitivity have
also been observed in the mouse homozygous for the mutant pear! (pe/pe, 15). Moreover,
the transport of metabolites and other essential molecules to the retina is likely to be impaired
by the massive deposits of basal lamina-like material intercalated between RPE and BM.
The altered electron density of this material, as compared to normal BL of younger animals,
is indicative of altered composition and it is therefore likely that the molecular sieve
capacities of the basal lamina (7, 10) are modified.

Within the basal lamina-like deposits, we have observed fibrous components with
periodicity similar to that of collagen. Similar polymers have also been described in
senescent human (3, 6) and rat (4) retina. We ignore whether several or only one type of
collagen are contained in the polymers described here. If only one type of collagen were
involved, it ought to have the capacity to polymerize into lateral and linear aggregates of
different periodicity. Indeed, we have observed physical continuity not only between
microfibrils and FLSC but also between FLSC and normal fibers. The peculiar local
distribution of FLSC and microfibrils close to the RPE plasma membrane on the one hand
and collagen polymers of normal periodicity close to and within BM on the other, with mixed
aggregates in between, suggests that external factors determine polymerization. Non-enzy-
matic cross-linking by glycation (8), proteoglycans (12), pH, and oxygen pressure may
modulate collagen polymerization (for discussion, see 13). In vitro observations of aberrant
collagen polymerization at acid pH (1) argue in favor of an acidic extracellular microenvi-
ronment close to the RPE plasma membrane in the ageing retina. Acidity itself could be a
consequence of hypoxia close to the RPE or of altered molecular filter capacity of the massive
extracellular matrix deposits.

During senescence, reduction of physical contact at the chorio-retinal interface may
progressively continue. We have observed that basal infoldings in contact with the former
basal lamina, tend to shed and vesiculate. This may finally lead to the formation of vesicular
deposits within BM that are widely observed in several mammalian species.
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ABSTRACT

Metalloproteinases (MPs) present in the interphotoreceptor matrix (IPM) may play
arole in both the maintenance of normal retinal homeostasis and the progression of various
degenerative retinal diseases. We wished to extend our previous studies of these enzymes
and begin their characterization by first obtaining them in purified form.

IPM was obtained from fresh bovine eyes. The material was fractionated by a
combination of gel filtration, DEAE ion exchange and gelatin- affinity chromatographies.
Fractions were monitored by SDS-PAGE carried out on both plain gels and those preloaded
with gelatin or casein (zymograms) and by quantitative analysis for enzyme activity
Combination of the procedures described above provided a partial fractionation of the MPs
as detected by zymography. A previously unrecognized 52 kDa caseinase was also revealed,
possibly identical with MMP-3 (stromelysin).

INTRODUCTION

The interphotoreceptor matrix (IPM) is the extracellular material which fills the
subretinal space. It is bounded by the retinal pigment epithelium (RPE), the photoreceptor
cells and the Miiller glial cells. The IPM is involved in adhesion between the retina and RPE,
transport of metabolites, and phagocytosis of shed rod outer segment tips [1]. Our laboratory
originally showed the presence of metalloproteinases (MPs) and their inhibitors in bovine
IPM [2,3], and we have recently shown that three of the matrix metalloproteinases, MMP-2,
3 and 9, are present in bovine and human IPM and vitreous [4]. Jones, et al [5] have also
shown the presence of MMP-2 and one member of the tissue inhibitor of metalloproteinases
family (TIMP-1) in bovine IPM.

The MPs are a large family of endoproteinases found in bacteria, plants and animals
[6-8]. The matrix metalloproteinases (MMPs), found in animals, have been especially well
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studied. All members of this class are found extracellularly and share the need for a divalent
cation, usually zinc, at the active site. Most cells which elaborate an extracellular matrix will
secrete these enzymes; although not all cells produce all members of the group [9]. Because
of their location and substrate specificity, the MPs have been shown to take part in a number
of important processes involving remodeling and turnover of extracellular matrices [6-8].
Besides these beneficial functions, however, they have also been implicated in a number of
pathological states, including: arthritis, osteoporosis, periodontitis, metastasis and tumor
invasion [6-8, 10]. All of these processes require degradation of extracellular matrix
components. In the pathological conditions, it is likely that an imbalance in the production
of active enzyme vs. inhibitor occurs [7,8]. Proper control of the production and activity of
all members of this family of enzymes and inhibitors is thus essential for maintaining an
extracellular matrix.

A number of ocular tissues have been shown to secrete MMPs in culture, including
cornea [11], trabecular meshwork [12] and retinal pigment epithelium (RPE) [13, 14]; and
it has been suggested that an imbalance of MMPs and their inhibitors may be involved in
glaucoma [12], keratoconus and corneal ulceration [11]. Studies have demonstrated the
efficacy of a synthetic MMP inhibitor to impede the progression of corneal ulcers secondary
to alkali burns [15].

A number of retinal diseases involve neovascularization and/or abnormal cellular
proliferation at one time or another during their course, including: retinopathy of prematurity
[16], diabetic retinopathy[16], proliferative vitreoretinopathy [17], and age-related macular
degeneration[18]. During the course of each disease, abnormal, invasive tissue becomes
associated with the retina or RPE. For cellular migration or neovascularization to occur, cells
must move through, or proliferate into, an extracellular matrix. To gain this mobility, the
matrix must be changed, or “remodeled”, requiring the action of hydrolytic enzymes [10].
Indirect evidence of MMP involvement in the pathogenesis of these retinal diseases is present
in the literature [19, 20] and TIMP-3 has been shown to be involved in simplex retinitis
pigmentosa [21] and in the autosomal dominant macular degeneration of Sorsby’s retinal
dystrophy [22]. The present studies describe our initial attempts to separate and purify the
MPs and their inhibitors present in bovine IPM.

METHODS

Preparation of Interphotoreceptor Matrix

IPM was prepared by the method of Adler and Severin [23], as described previously
[24]. Briefly, after removal of the cornea, lens, aqueous and vitreous humor from fresh
bovine eyes, the vitreal surface of the attached retina was washed with cold 0.05M HEPES,
pH 7.3, containing: 3 mM PMSF, 5 ugm/ml benzamidine, 3 pgm/ml pepstatin A and 2
pgm/ml leupeptin (Buffer). The wash was discarded. All remaining steps were performed
at 4°. The retina was removed, placed into Buffer (2 ml/retina) and gently agitated for
about 30 min. After agitation, the retinas were filtered to obtain the crude retina-IPM in
the filtrate. Additional cold Buffer was added to the eyecup and gently pipetted against
the apical surface of the RPE a number of times to produce the RPE-IPM. The crude
IPMs were then centrifuged at 48000xg for 30 min to remove remaining debris (mostly
rod outer segments). The supernatant fluids were concentrated to the equivalent of about
5 eyes/ml by ultrafiltration using Amicon (Beverly, MA) YM-10 membranes. All material
was stored at -20°C.
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Fractionation

Gel Filtration. 1PM was fractionated using a 1.6 cm x 95 cm column of Sephacryl
S-500 (Pharmacia, Uppsala), superfine, eluted with 0.05M Na phosphate, pH 7.5, 0.1M
NaCl. Elution was followed by measuring absorbance at 280nm and proteolytic activity (see
below). Fractions were pooled as shown in Fig. 1A.

lon Exchange Chromatography. Pool B obtained from gel filtration of retinal-IPM
(see Fig. 1A) was dialysed against 10mM Tris-acetate, pH 7.5, applied to a 2.5 cm x 60 cm
column of DE52 (Whatman, Hillsboro, OR) and washed with the same buffer. Elution then
proceeded using a linear gradient composed of 1L each of the Tris-acetate buffer and 0.5M
NaCl in this buffer, followed by a wash of this buffer containing 1.0M NaCl. Fractions were
monitored for conductivity, UV absorbance and proteolytic activity (see below) and pooled
as shown in Fig. 2A.

Gelatin affinity chromatography Pools were applied to a 10 ml column of gelatin-
agarose and washed with 50 mM Tris-HCI, pH 7.5; 2mM CaCl2; 0.02% Brij-35, containing
0.5M NaCl until no more 280nm absorbing material was eluted. At that point elution was
continued with this buffer containing 1.0M NaCl and 10% DMSO. Individual fractions were
monitored for UV absorbance and gelatinase and caseinase activity on zymograms (see
below).

Gel Electrophoretic Techniques

Polyacrylamide Gel Electrophoresis. Samples were denatured with (final concen-
trations): SDS, 2.5%, with or without B-mercaptoethanol, 0.36M and EDTA, 0.5mM, by
incubating overnight at 4°. Electrophoresis was performed as described by Laemmeli. Gels
were stained with Coomassie blue.

Visualization of Forms by Zymography. The presence of multiple forms of the met-
alloproteinases was demonstrated by zymogram analysis [25]. Samples were subjected to
electrophoresis on substrate-loaded gels containing added gelatin or casein (1.0 mg/ml) as
described above. Samples were denatured without B-mercaptoethanol or EDTA. Following
electrophoresis, the gels were washed with 2.5% Triton X-100 for one hour prior to
incubation in a solution containing S0mM Tris-HCl, pH 7.2; SmM CaCl2; 1uM ZnCI2; and
0.02% Na azide at 37°C. The gels were then stained with Coomassie blue. Clear areas
indicated proteolytic activity. EDTA (10 or 50mM) or 1,10-phenanthroline (10mM) were
occasionally included in both the Triton X-100 wash and in the incubation buffer to ensure
that the activity observed in the zymograms was due only to metalloproteinases (data not
shown).

Measurement of Enzymatic Activity

Azoalbumin. Incubations contained azoalbumin (0.4 mg); 0.1M Tris-HCI, pH 7.2;
toluene, 0.01 ml; along with samples and any additives in a final volume of 0.27 ml [26].
Following incubation at 37° C (usually for about 3 days), TCA was added to 6.5%. The
precipitate which formed during subsequent incubation at 4° C was removed by centrifu-
gation. Aliquots of the supernatant fluid were transferred to multiwell plates, made alkaline
by the addition of NaOH, and A450nm measured using an ELISA reader. Incubations
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containing thermolysin were also prepared to measure the presence of endogenous in-
hibitors.

3H-Gelatin. Incubations contained *H-labeled, heat-denatured, type I collagen
(DuPont NEN, Wilmington, DE), 0.04 mg/ml; 0.05M Tris-HCI, pH 7.2; 5mM CaCl2;
0.1M NaCl and 0.02% Na Azide; along with samples and any additives in a final
volume of 0.2 ml. After incubation overnight at room temperature, 10ul of 50 mg/ml
milk powder in 0.5M EDTA was added, followed by 40ul of a solution of 50% TCA
in 2% tannic acid. After mixing, standing on ice to allow precipitation and centrifu-
gation, an aliquot of the supernatant solution was counted. Incubations containing
partially purified IPM as an enzyme source were also prepared to measure the presence
of endogenous inhibitors.

Ac-Peptide. Incubations contained 0.1uM substrate (Ac-pro-leu-gly-thioester-leu-
gly-OEt) [27]; 0.12mM DTNB; 12mM CaCl2; 60mM HEPES, pH 7.0; along with samples
and any additives in a final volume of 0.2 ml in a multiwell plate. Samples were incubated
at room temperature, and A410nm was periodically measured. Incubations containing
partially purified IPM as an enzyme source were also prepared to measure the presence of
endogenous inhibitors. NOTE: This material is not a substrate for common proteinases (e.g.,
trypsin, papain) or bacterial collagenase [27].

All other biological materials were obtained from Sigma (St. Louis, MO).

RESULTS AND DISCUSSION

Gel Filtration of Retinal-IPM

When retinal-IPM was fractionated by gel filtration on Sephacryl S-500, two peaks
of 280 nm-absorbing material were seen (Fig. 1A) as previously described [2, 3, 24]. A
small peak at the void volume contains the mucin-type glycoproteins [24] along with
some low molecular weight material evidently trapped by the mucins (Fig. 1B, lane C).
The major peak contains the interphotoreceptor retinoid binding protein (IRBP) along
with other, lower molecular weight materials (Fig. 1B, lane D). Unfractionated retinal-1IPM
exhibits no gelatinase (Fig. 1C, lane A) or caseinase (Fig. 1D, lane A) activity nor activity
toward azoalbumin or Ac-peptide (data not shown). However, after gel filtration, numerous
forms are revealed (Fig. 1C, lanes C-E), especially in pool B (lane D), the most prominent
being at about 65 kDa, 80-90 kDa and 130 kDa. A high molecular weight caseinase
activity is also revealed in pool B (Fig. 1D. lane D). For comparison, RPE-IPM, whether
unfractionated or subjected to gel filtration exhibits only two bands of gelatinase activity,
at about 65 kDa and 90 kDa (Fig. 1C and D, lane B) [4]. Metalloproteinase and MP
inhibitor activity as measured by azoalbumin are also evident in many fractions (Fig.
1A). Thus the rather innocuous procedure of gel filtration is sufficient to separate the
MPs of retinal-IPM from at least some of the inhibitory restraint present in the unfrac-
tionated state.

DEAE Cellulose Ion Exchange Chromatography of Pool B

Fractionation on DEAE cellulose provided a significant separation of the components
of pool B (Fig. 2 A and B). Fractions were pooled on the basis of MP activity or inhibition
of MP activity as assayed by the various techniques. For reference, IRBP is present in pool
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Figure 1. Gel filtration of retinal IPM. Retina-IPM (130 mg protein) was applied to a column of Sephacryl
S-500, as described in Methods. (A) UV absorbance (O) was measured on the fractions (=~ 3 ml), and aliquots
(0.1 ml) of individual fractions were dialysed vs. water prior to analysis for proteinase activity (x) and
proteinase inhibitor activity (@) as described in Methods using azoalbumin as the substrate and thermolysin
as the enzyme to be inhibited. Remaining material was then pooled as indicated by the bars. (B) SDS-PAGE
— Both unfractionated retinal-IPM (5 pl) and RPE-IPM (5 pl) (lanes A and B) and pools A, B and C (45 ul
each) (lanes C-E) were subjected to SDS-PAGE under reducing conditions as described in Methods. Zymogra-
phy — Both retinal-IPM (60 ul) and RPE-IPM (40 pl) (lanes A and B) and pools A, B and C (60 pl each) (lanes
C-E) were subjected to SDS-PAGE under nonreducing conditions in gels impregnated with either (C) gelatin
or (D) casein as described in Methods. Following incubation for 2.5 days, they were stained with coomassie
blue.

D (Fig. 2 B, lane D). The large 260 nm-absorbing peak centered near fraction 210 (Fig 2A)
contained no MP activity. A single peak of Ac-peptide-cleaving activity (data not shown)
coincides with the major peak of gelatin-cleaving activity (data not shown) in pool B, and
may coincide with the 60-65 kDa band seen in the gelatin zymogram (Fig. 2C, lane B). The
other higher molecular weight gelatinases present in pool B from gel filtration (Fig. 1 C,
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Figure 2. DEAE Cellulose ion exchange chromatography. Pool B, obtained from gel filtration of retina-IPM
(Fig. 1), was subjected to chromatography on DE52 as described in Methods. Fractions were monitored for
the following: (A) Absorbance at 280 nm (H) and 260 nm (@) and conductivity (4), (B) SDS-PAGE — Pools
A to E (15 pl each) (lanes A-E) were subjected to SDS-PAGE under reducing conditions as described in
Methods. (Lane F contained standards.) Zymography—Pools A to E (30 ul each) (lanes A-E) were subjected
to SDS-PAGE under nonreducing conditions in gels impregnated with either (C) gelatin or (D) casein as
described in Methods. Following incubation for 2.5 days, they were stained with coomassie blue.

lane D) are present in pool C (Fig. 2C, lane C). A lower molecular weight caseinase is now
evident in pools A, B and D (Fig. 2D) migrating at about 50 and 52 kDa.

An inhibitor of the Ac-peptide-cleaving activity was found in pool E (data not
shown), and two inhibitors of azoalbumin-cleaving activity are present in pools B and C
(data not shown). These two inhibitor assays measure two different types of MP. Ac-peptide
uses partially purified IPM as an enzyme source, while the azoalbumin assay uses the
bacterial MP, thermolysin. There appears to be no cross-reactivity between the two types of
inhibitors.
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Gelatin-agarose affinity chromatography of pools A, B and C from
DEAE cellulose

Affinity chromatography with gelatin as the ligand can be used to separate gelatinases
from other MPs as well as other proteins. This procedure has thus far been applied to the
material in DEAE cellulose pools A, B and C (Fig 3). In each case, the caseinase activity did
not adhere to the column (Fig. 3 C, lanes A, B and D). This was also true for the major 60
kDa gelatinase activity (Fig. 3 B, lanes A, B and D), although this activity was somewhat
retarded and eluted slightly behind the bulk of the nonadherent protein (data not shown).
Pool B2 contained no measurable MP activity. It should be noted that pool C now contains
60 kDa gelatinase activity, possibly reflecting the removal of an inhibitor, or auto-activation
upon standing. The 70 and 90 kDa gelatinases of pool C did adhere to the column and were
eluted with the DMSO in pool C2 (Fig 3B, lane C). This pool contains no caseinase activity
and little extraneous protein.

CONCLUDING REMARKS

These studies have extended our characterization of the MPs present in bovine IPM.
The combination of procedures used here has enabled us to obtain two of the gelatinases (70
kDa and 90 kDa) free from most other extraneous protein (pool C2) and other MP activity.
These two forms correspond to gelatinases A and B (MMP-2 and 9), respectively, which we
have shown to be present in retinal-IPM [4]. The major 60-65 kDa gelatinase is probably
the activated form of gelatinase A [6-8]. The presence of mostly the activated forms of the
enzymes would be expected in fresh [PM as opposed to stimulated secretions of cultured
cells which would be expected to contain mostly the unactivated, precursor forms. Why this
form does not adhere to the gelatin affinity matrix is not clear at this time.

Figure 3. Gelatin-agarose affinity chromatography. Pools A, B and C, obtained from DE52 chromatography
(Fig. 2), were subjected to affinity chromatography on gelatin-agarose as described in Methods. Individual
fractions were pooled based on whether they were retained by the column and eluted by DMSO (A2, C2) or
not retained and obtained in the initial wash (A1, B1, C1). (A) SDS-PAGE — Pools B1 (8 ul), C1 (8 ub), C2
(11 pl), A1 (8 pl) and A2 (11 pl) (lanes A-E, respectively) were subjected to SDS-PAGE under reducing
conditions as described in Methods. Zymography — Pools B1 to A2 (19 ul each) (lanes A-E as in part A) were
subjected to SDS-PAGE under nonreducing conditions in gels impregnated with either (B) gelatin or (C) casein
as described in Methods. Following incubation for 2.5 days, they were stained with coomassie blue.
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As the retinal-IPM has been further fractionated, additional forms of MP have been
revealed. Starting with unfractionated retinal-IPM, which exhibits no activity using any of
the assay systems described here, gel filtration revealed many forms of gelatinase, some of
which are probably fragments or aggregates of others, along with a very minor, high
molecular weight caseinase. lon exchange chromatography has revealed a major, 50 kDa
caseinase which corresponds to Stromelysin 1 (MMP-3), which we have identified as being
present in retinal-IPM as well [4]. We are currently attempting to separate the caseinase from
the activated gelatinase A.. Pool Bl (Fig. 3, lane A) contains both enzymes, but little
extraneous protein. These additional forms have been revealed through a combination of
removal of inhibitors and activation of latent, zymogen forms. It is possible that other forms
may be found as we fractionate this material and RPE-IPM further.
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Experimental autoimmune uveoretinitis (EAU) is an organ-specific, T cell mediated
autoimmune disease, which is characterized by destruction of the photoreceptor cells of the
retina. EAU serves as a model for human intraocular inflammatory diseases, like uveitis,
which are major causes of visual impairment. The animal disease can be induced by
immunization with certain retinal proteins. The antigens used in most studies for EAU
induction have been S-antigen (arrestin) and interphotoreceptor retinoid binding protein
(IRBP)(Gery, Michizuki and Nussenblatt, 1986). We, and other investigators, have reported
that rhodopsin is similarly uveitogenic in rats, guinea pigs, and in monkeys (Adamus, et al.,
1992; Marak, et al., 1980; Meyers-Elliott and Sumner, 1982; Moticka and Adamus, 1991;
Schalken, et al., 1988b; Schalken, et al., 1989; Wong, et. al., 1977). Rhodopsin is the major
protein of photoreceptor cells and has a molecular weight of 40,000 daltons. It is the
photoreceptor protein that initiates the visual transduction process (Hargrave and McDowell,
1993).

In the 1970’s, it was first reported that immunization with a crude homogenate of
unsolubilized rod cell outer segments produced pathological damage to the retina. Sub-
sequently, animals injected with purified rhodopsin/opsin have been shown to develop a
primarily posterior, nongranulomatous choroiditis (Marak, etal., 1980). Studies in the 1980°s
have suggested that rhodopsin is more immunogenic and pathogenic than opsin (Schalken,
et al., 1988a). However, our experiments have not confirmed this report (Moticka and
Adamus, 1991). The development of both cellular and antibody responses against rhodop-
sin/opsin have been measured. The formation of B and T cell responses in Lewis rats during
the disease induction shows a unique pattern of specificities. The animals produced anti-rho-
dopsin antibodies mostly specific for the IV-V loop region (174-203) and T immunocompe-
tent cells that recognized primarily the C-terminal region (324-348). The immunopathology
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Figure 1. A topographic model of rhodopsin’s cytoplasmic surface in the disc membrane of retinal rod cells,
showing uveitogenic regions.

seen in rhodopsin-induced uveitis is T cell mediated, based on our observations that the
disease can be transferred by CD4* T cells (Moticka and Adamus, 1991).

We have used synthetic peptides to define pathogenic determinants for rhodopsin
(Adamus, et al., 1994; Adamus, et al., 1992) and this is the topic of our current report.
Immunization of animals with rhodopsin synthetic peptides, that cover hydrophilic, exposed
regions of the protein, resulted in the display of some different T cell specificities than
immunization with whole antigen. Furthermore, immunization with peptides induces speci-
ficities that are not present after rhodopsin immunization e.g., T cells specific against
residues 230-252 and 2-32. Three distinct uveitogenic epitopes were identified on rhodop-
sin’s conserved, cytoplasmic surface within the carboxyl terminus (324-348), loop I-II
(61-75), and loop V-VI (230-252) and are shown in Figure 1.

Female Lewis rats (Harlan-Sprague-Dawley Laboratories) in groups of 3 animals
(150-180 g) were immunized with rhodopsin synthetic peptides (100 mg per animal). Antigens
were emulsified with an equal volume of complete Freund’s adjuvant (CFA), containing
Mycobacterium tuberculosis H37Ra (Sigma). At the same time rats received 1 pug pertussis
toxin intraperitoneally. Control animals received saline instead of peptide. Peptides were
synthesized by solid phase techniques using Fmoc derivatives of amino acids with an automatic
synthesizer (Applied Biosystems Model 431A, Foster City, CA). Seventeen days after immu-
nization, the animals were killed and spleens were removed aseptically. The eyes were removed
and fixed in 10% buffered neutral formaldehyde solution and submitted to routine histological
examination. The severity of EAU in each eye was assessed using blind-coded samples and
graded from 0 (no EAU) to 5+ (most severe) as described elsewhere (Adamus, etal., 1992). All
procedures adhered to the ARVO Resolution on the Use of Animals in Research.

Proliferative responses of lymphocytes were determined by measuring incorporation
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