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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 al\ 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. Final\y, 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-I 0 
University of Washington 
Seattle, Washington 98195 

SUMMARY 

1 

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 offragmented 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 [I]. 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 
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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 intemucleosomal 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 slowlperipherin 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. 

MA TERIALS 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-l 7 -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 5 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 J.1m 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 [AI-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-IOO in O.OIM 
phosphate buffered saline (30 min at room temperature [RTD. 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, I mM 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)/J.11 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 (5mM magnesium chloride, 10 J.1g/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 II + 
342 29M 16.5 Simplex + 
320 31 F 10.0 Simplex 

114 39M 5.5 X-Linked (XL) 

311 44M 12.0 Multiplex 

215 46M 1.0 XL 

266 54 F 3.2 Simplex 

231 56M 3.3 Simplex 

207 65 M 11.0 Autosomal Dominant 

303 68M 2.2 Autosomal Dominant 

316 68M 8.5 Autosomal Dominant' 

271 72F 4.0 Symptomatic XL Carrier 

340 73 F 9.0 Multiplex 

184 76M 3.1 Multiplex 

371 87M 5.0 Simplex 

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

in 0.2 eU//-l1 DNA polymerase I (Sigma) and 0.01 mM biotinyIated-II-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% H20 2 

in 10% methanol for 30 min. The retinas were rinsed in PBS and reacted with ExtrAvidin
peroxidase (Sigma) diluted I :200 in distilled water for 2-3 hrs at 37°C. The retinas were 
rinsed with PBS and immersed in diaminobenzidine (DAB, Sigma) solution (O.Smg/ml in 
0.05M Tris-HCI, pH 7.6) for 15 min at RT, and incubated in the DAB solution with 0.05 
/-ll/ml H20 2 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 l/-lg Iml DNase 
I (Sigma) in TM buffer (10 mM magnesium sulphate in 50 mM Tris-HCI, 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 I 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 402 (1 :20) and 104 
(I :20) from Dr. R. Molday); cone opsins (polyclonal antibodies against red/green (I: I 00) 
and blue (1: I 0) cone opsins from Drs. C. and K. Lerea); arrestin (I :200; polyclonal 
antibody from Dr. H. Shichi); glial fibrillary acidic protein (l :200; GFAP; polyclonal 
antibody from DAKO Corp., Carpinteria, Calif.); cellular retinaldehyde-binding protein 
(I :200; CRALBP; polyclonal antibody from Dr. 1. 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 l",g/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 photoreceptornucleus (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 I A. 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. lD, 2A, B, C; 
Table 1). The labeled nuclei were rare, on the order of 1 to 5 per 10 mm2 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 oflabeled 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 organelles, 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 celIs which contain dark melanin granules 
and have migrated into the retina. X330. (8) 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 Muller cell processes (M) are hypertrophic and contain membranous cytoplasmic 
inclusions (arrows). Area (*) is shown at higher magnification in Figure Ie. MN, Muller cell nucleus. X4, 140. 
(C) Higher magnification view of area (*) in Figure 28 processed by the immunogold procedure for 
demonstration ofGFAP, which is localized to the process ofa reactive Muller cell. N, labeled nucleus. XI7,130. 

represent a step in rod cell degeneration [3; 8; 13; 14]. The Muller cells adjacent to the labeled 
cells had hypertrophic processes with CRALBP (+) cytoplasm and prominent GFAP (+) 
filaments (Fig. 2C). The expression of GFAP in reactive Muller cells is consistent with 
ongoing photoreceptor death in the RP retinas [8; 11]. Some of the Muller cells contained 
unusual membranous inclusions in the cytoplasm (Fig. 2B), which were unreactive with all 
of the immunomarkers tested. We have observed similar Muller 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 D. Some of the 
phagocytes contained melanin granules and TUNEL-positive material, as well as membra
nous inclusions resembling those in the Muller cell processes. The phagocytes were weakly 
immunoreactive for CRALBP but were negative for GFAP (a marker for reactive Muller 



6 Zong-Yi Li and A. H. Milam 

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 ofRP 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 [AI-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 mm2) in the retinas from 
the two youngest RP patients. Assuming an apoptosis period of3 hr, the calculated 
rate of apoptosis in the RP retinas would be on the order of 8 to 40 photoreceptors 
per 10 mm2 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 mm2 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 photo receptors 
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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• 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 Muller 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 de localization 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 Muller cells 
and phagocytes probably derived from the RPE. Recent reports indicate that a similar 
phagocytic function in dystrophic rodent retinas is performed by cone photo receptors [3] 
and by wandering phagocytes of unknown origin [4; 5]. Our finding of membranous debris 
in the Muller cell processes corroborates early observations of phagocytosis by Muller cells 
in RP retinas [17]. Phagocytosis of apoptotic residue by Muller 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 

2 

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 (l), 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, II ) and that transcrip
tional changes in retinal mRN A 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 
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treatment is associated with a decrease in the expression of mRNA for retinal heme 
oxygenase I (HO-I), 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 of8-hydroxydeoxyguanosine 
(8-0HdG). 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 !! W/cm2). 

Twenty four hrs before, and just prior to light exposure, some rats were given IP injections 
ofDMTU, 500 mg/kg dissolved in saline. I ,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 COr saturated chamber and used for rhodopsin determinations. For DNA and RNA 
analyses, retinas were excised from experimental animals and frozen in liquid N2 . 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 
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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, IS). 

8-0HdG. Individual retinas were thawed in Applied Biosystems IX Lysis Buffer 
(ureal CDTA/sarcosyI/Tris-CI, pH 7.9),2 mg/ml proteinase K, and incubated overnight at 
37°C. Proteinase was inactivated by heating at 68°C for IS min. Samples containing -300 
f.lg of retinal DNA were digested with RNase A (200 f.lg/ml) and purified manually by organic 
solvent extraction using phenol:chloroform:isoamyl alcohol (24:24: I), and chloroform (16). 
DNA was precipitated with ethanol and redissolved in 40 mM Tris-CI, pH 8.0, IS mM MgCh, 
I mM CaCh, 20 mM NaCI, 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 IX 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, I mM EDTA). The gels were neutralized (40 mM Tris-CI, pH 
8, I mM EDTA) and stained with ethidium bromide. 

Opsin Analysis. DNA was dissolved in 10 mM Tris-Cl buffer (pH 7.4) containing I 
mM EDTA, and digested with restriction enzyme BamH I 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, I 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_32P_dCTP using random primer extension. 
Final stringency washes were in O.IX 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 PhosphorImager. 

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 blotted onto an Immobilon N 
membrane (Millipore Corporation, Bedford, MA), UV cross-linked and hybridized using 
probes for rat HO-I, TRPM-2 or 13-actin, as previously described (12,13). 

The HO-I 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-I (17). The TRPM-2 cDNA probe was obtained directly 
from available plasmids (18). Human 13-actin probe was obtained from Clontech, Palo 
Alto, CA. Probes were radio-labeled with [a-32P]dCTP by random priming to a specific 
activity of not less than 106 cpm/f.lg (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 13-actin probe. 
The HO-I 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 

o hrs 8 hrs 16 hrs 24 hrs 

DMTU -m+ + + + 
Rhodopsin 2.1 ± 0.1 2.0 ± 0.2 2.1 ±0.2 1.6 ± 0.3 2.0 ± 0.1 0.8 ± 0.3 1.8 ± 0.1 
% of unexposed control 100 95 100 76 95 38 86 

*Rhodopsin was measured 2 wks after intense light exposure. Results are the mean ± SO 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 I, 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 I 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 8-0HdG 

Table 2 indicates that oxidative changes in retinal DNA occur both during and after 
intense light treatment. As measured by the relative levels of 8-0HdG, a marker of DNA 
damage (20), there was extensive damage after light exposure. For rats not treated with 
DMTU, 8-0HdG was about 1.5 fold higher than control after 24 hrs of light. Six hrs after 
the 24 hr period of intense light exposure, 8-0HdG was 7 fold higher than in control retinas 
and 4 fold higher than in retinas of 24 hr light-treated rats. 

Table 2. 8-0HdG in retinal DNA (residuesll 05 deoxyguanosine 
residues)* 

Light exposure 
Dark period 
8-0HdG 
% of control 

o 
o 
3.5 

100 

24 
o 
5.8 

165 

24 hrs 
6 hrs 

25.1 
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 I, 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 oflight-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 
BamHl 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 f.lg 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 
III. 
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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 
neutralized and stained with 
ethidium bromide for requantita
tion of the DNA. Southern trans
fer to nylon membranes, and 
hybridization followed standard 
procedures. Relative intensity; 
hybridization signal per mg DNA 
relative to the -DMTU, unex
posed rat retinal DNA in lane I. 

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-l 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-l mRNA was observed following light exposure (control). In unexposed animals, the 
HO-l signal was barely detectable. Relative to the actin signal, increases in HO-l 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 H 0-1 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-I than those not treated with the 
antioxidant (control), 2- vs 27-fold at 12 hrs; and 12- vs 70-fold at 24 hrs . HO-I expression, 
however, continued to increase in the DMTU-treated animals during the 24 hr dark period 
after light exposure. 

In contrast to HO-I mRNA, TRPM-2 mRNA was readily detectable in control retinas 
not exposed to intense light (Figure 5). As with HO-I 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-I mRNA. 
Retinal RNA preparations (15 mg) from 2 eyes of 
individual animals were analyzed for HO-I and 
p-actin by the Northern blot technique; control = 
untreated rats, treated = DMTU treated rats. Panels 
A, Band C represent 3 different experiments (12) 
[ with permission). 
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12 hrs. The levels ofTRPM-2 mRNAin DMTU-treated animals after 12 hrs oflight 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 oflight exposure, TRPM-2 
levels in the DMTU-treated animals were comparable to those observed in untreated animals 
exposed to 12 hrs oflight This increase, as well as the increase in HO-l 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 ~g 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 ofDMTU from the retina over the subsequent 12-24 hr period oflight 
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 
8-0HdG 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 ofHO-l mRNA and 
delayed the over-expression ofTRPM-2 mRNAin rat retinas. These mRNAs 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 8-0HdG, 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-l mRNA following 12 hrs of light exposure. HO-l 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-I is expressed exclusively in photoreceptors, in the inner retinal layers, or in all 
retinal cell types. Increased HO-l 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-I and TRPM-2 mRNA expression in light-exposed retinas (13) 
strongly suggest that both processes occur. The fact that DMTU delayed the onset ofTRPM-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 

3 

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 DNA breaks in rod nuclei. Agarose gel electrophoresis 
after DNA 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 ofRP, 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 oflight 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 ofROS 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 oflight 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. 1 a). 
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, c, 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 (I). Bar = 10 /-1m. b) 
The ONL shows abundant densely staining nu
clei (*) with only few normal appearing chroma
tin patterns. Numerous RIS show condensed 
cytoplasm (I). Note the burst of ph ago somes in 
the PE. Bar = 10 /-1m. c) TUNEL staining shows 
numerous stained nuclei in the ONL indicating 
DNA - breaks typical of apoptosis. Bar = 10 /-1m. 
d) Control section for TUNEL staining with no 
positive cells after the omission of cobalt chlo
ride, the cofactor for terminal transferase. Bar = 
l0/-lm. 
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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). 

At an illuminance 00000 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 
(i) is distinct. Bar = 10 /-1m b) Nuclei show highly condensed chromatin (I), the cytoplasm is shrunken and 
condensed (*). Rar = 10 flm c) Electron micrograph showing peripheral chromatin clumping (I) of a PI' cell 
nucleus (N). Bar = I fun. 
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Figure 3. Electron micrographs showing fea
tures seen in photoreceptors after exposure to 
1000 Ix 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 /lm. b) 
End - stage nucleus (*) showing extremely con
densed chromatin and rounded shape visible af
ter two hours oflight exposure. Bar = 2 /l. c) 60 
minutes after the onset oflight exposure, distinct 
condensation ofRIS (t) is apparent next to nor
mal looking cells (*). Bar = 2 /lm. 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 (I). Bar = 2 /lm. 

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. 1 b). 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 Ix and 3000 Ix exposure (Fig. I 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 lx, distinct bands offragmented DNA are recognized. 24 h following exposure to 3000 
lx, 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) After exposure 
to 3000 Ix for 2 hrs, a distinct ladder is apparent. b) 24 hours following an exposure to 3000 lx, 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 4), 5-hydroxyperoxy- eicosatetraenoic acid (5-HPETE) and thromboxane 
B2 (TXB 2)' 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 

4 

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 Ca2+ concentration in light-induced 
photoreceptor cell death have been suggested [6-8]. Protein synthesis inhibitors, such as 
cycloheximide and Ca2+ 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 Ca2+ 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 
IllJury. 

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 Ca2+ 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 I 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. F our 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% H20 2 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 I 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 O.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 Iysates were produced. The Iysates were extracted with 
phenol/chloroform/isoamyl alcohol (25:24: I) and chloroform/isoamyl alcohol (24: I) 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 bours of dark recovery after 12 hours of light exposure. IS: inner segments. as: 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 IA). 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 oflight 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. (8) 
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 ofRPE 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 lB). 

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 photoreceptornuclei 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. 
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(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 ofTUNEL-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 
(ex) retinas (p = 0.046). A significant reduction ofTUNEL-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 ofapoptosis [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 DNA 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 cyc1oheximide- and flunarizine-treated groups showed 
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Figure 6. Retinal DNA agarose gel electrophoresis. Lanes I 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 sub retinal 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 ofCa2+ 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 Ca2+ on apoptosis is not clear. It might regulate apoptosis through its effect 
on a Ca2+- and Mg2+-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 Ca2+ concentration in the regula
tion and/or execution oflight-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 Ca2+ 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 (HPVI6) 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 p53 gene does not eliminate apoptosis of 
either the retina or the lens in these transgenic mice although the rate of destruction of 
photo receptors is slightly delayed. The retinal tumors apparently arise from precursors that 
survive amid a dying cell layer. 
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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 oflaboratories 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 ofRCS 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 Thrl7Met 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 p53 gene is the most commonly mutated tumor suppressor gene 
in human cancer [12]. Loss of function of p53 permits cells to escape G liS arrest or apoptosis 
in response to DN A damage. pRb, the protein product of the Rb tumor suppressor gene, binds 
to E2F-l, a transcription factor that controls the expression of many genes which initiate 
DNA replication. The function ofE2F-l is regulated by binding ofpRb 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 SV 40 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 
(p53-1- 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-SV 40 TAg Transgenic Mice 

These mice invariably develop tumors of their entire developing photoreceptor layer 
(Figure 1) [16]. Since SV 40 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 p53 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 ofIRBP-SV40 TAg or IRBP-E7 transgenic mice. A. IRBP-SV40 TAg mouse at PIO.5. A 
tumor of small oval cells, some fonning rosettes, obliterates the entire retinal photoreceptor layer. Note the 
fonnation of vacuoles and abnonnally 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 ofIRBP-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 E 13 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 PI and PI 0 they nearly disappeared 
completely. This is shown not only by histologic comparison of the normallittermates and 
their IRBP-E7 siblings, but also by staining the dying cells with the TUNEL assay (Figures 
IB and 1 C 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 nonnal and IRBP-E7 mice at P4. (A) Nonnal littennate 
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) Nonnallittennate control. The few apoptotic cells 
in the nonnal 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 p53 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 Rb 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 p53-1-
background. The results were both gratifying and perplexing. Indeed, tumors developed 
rapidly in the photoreceptor layer. By one month, all E7/p53-1- mice had retinal tumors. The 
E7/p53+1- 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/p53-1- mouse at 9 weeks. Nearly all photoreceptor nuclei are missing as i 

consequence of apoptosis despite the absence of the p53 gene in this transgenic mouse. Amid the cells of th, 
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/p53-1- mice from two weeks of age to one month oj 
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 ofapoptotic rates in these various 
combinations is an experiment that is currently in progress. So far, our results indicate thal 
the absence ofp53 leads to a slight delay in the onset ofapoptosis in the retina but does nol 
protect the retina from eventual destruction, i.e. the E7 gene can induce a p53 independenl 
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 ai, unpublished data). This means that a precursor cell 
had survived in the apoptotic retina that was capable offorming 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. 
(X 185) (B) Retinal (?RPE) adenocarcinoma invading the posterior retina. (X88) (C) Ciliary body papilloma 
(XJ60) (D). Pigmented epithelial cells in free suspension in the posterior and anterior chambers (Xl72). 

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 ofRb 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 PI 
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 ofTUNEL staining in necrotic areas. As a consequence of 
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Figure 5. Apoptotic and necrotic cells accumulate in the lens of IRf3P-E7/p53-1- 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 p53-1-
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 fonnation 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 detennined 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 p53-1- 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 
p53-1- 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 El6 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 E 16 [24]. Recently, however, 
transient lenticular expression of IRBP from Ell to E 15 was described by FaIT 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 ofE7 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 p53-1- hybrids, compared to those with at least one normal copy of the 
p53 gene, the effect ofloss of p53 function in the level and rate oflens fiber cell apoptosis 
is slight at best. 

In this respect, our results differ somewhat from nearly parallel studies ofthe 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+1+ lens fiber cells was blocked in a-crys
taliin-E7xE6 offspring. They concluded, therefore, that the apoptosis of fiber cells as a 
consequence of perturbation ofpRb by the expression ofE7 in lens was altered by destruction 
of p53 function by E6, 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 ofRb 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-I+ heterozygous mice to p53 knockout mice. 
The homozygous Rb-I- offspring die in utero. This mating generated embryos with an 
Rb-I-/p53-1- and Rb+I-/p53-1- genotype that could be compared to related Rb-I-/p53+1- and 
Rb-I-/p53+1+ embryos. At E14, the lenses of the mice with at least one intact copy of both 
the Rb gene and the p53 gene were normal. Those lacking the Rb gene developed apoptosis 
of their fiber cells if at least one copy of the p53 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 ofE7 under the control of the IRBP promoter 
in the presence or absence ofp53 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 trans gene, 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 ai., 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 aI. , 1976). In the vertebrate 
retina, a closed, extracellular microenvironment exists that is bounded by the apical membrane 
ofRPE 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 rPM 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 ai., 1990), PDGF (Campochairo 1988), FGF (Plouet 1988), 
TGF-a (Fassio et aI., 1988) and TGF-~ (Connor et ai., 1988). Evidence of its potential to 
synthesize and secrete these factors in vivo, into the IPM (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. 

Degeneralive Diseases oflhe Retina, 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 et al., 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 IPM 
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Figure 1. A: Morphologically
undifferentiated Y79 retinoblas
toma cells grown in serum-free 
medium and attached to a poly
D-Iysine substratum (Tombran
Tink et aI., 1991). The cells are 
GFAP positive as detected by a 
polyc1onal 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-Iysine 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 polyc\onal 
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-Iysine-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 II after treatment for 7 days in 
suspension with one of the following a) 
htRPE-CM, b) HPLC purified PEDF from 
htRPE-CM c) human IPM. Under all three 
conditions greater than 80% neuronal dif
ferentiation is seen after 7 days of attach
ment. 

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 blot 
analysis, substantial amounts ofPEDF 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 PEDE 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 flg of PEDF can be 
purified from the IPM of each eye cup and 150 flg 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 

M 1 2 3 4 5 

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 III 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 , 35S-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- C 
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 
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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; Band 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 rPM (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. 

DOWNREGULA TION OF PEDF IN SENESCENT RPE CELL 
CULTURES 

In a recent 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-I) 
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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M 1 2 3 

1.5Kb-

Figure 6. Left panel: Agarose gel containing 5 I.l 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 eDNA 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 ofPEDF 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 ai., 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 

M 1 2 3 4 5 6 7 M kD 
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Figure 7. Lanes 1-5 represents a Western blot of samples of RPE cell-conditioned medium (eM) after 1st, 
2nd, 5th and 10th passages respectively. The PEDF polyclonal antibody recognizes a prominent 50 kD band 
in eM from the I st and 2nd passages, a weak signal in eM of 5th passage cultures and no signal with sucessive 
cell passages. A 36 kD protein is seen in celllysates 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 celllysates, 
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 
ofPEDF 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 aI., (1993) raises the interesting possibility that the 
presence of PEDF could I) 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 eDNA 
AND GENOMIC DNA 

Tryptic peptides obtained from HPLC-purified PEDF (Tombran-Tink et aI., 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 aI., 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 aI., 1992). The cDNA sequence shares 
27% homology with human a-I-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 aI., 1992). Serpins play critical regulatory 
roles in a 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 et aI., 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 aI., 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 aI., 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 aI., 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 aI., 1992) were analyzed by PCR to further sublocalize the PEDF gene. Data 
obtained from this study confirmed the initial assignment ofPEDF and sublocalized it to the 
short arm of chromosome 17 at I 7p 13 .l-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 aI., 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 urplasmin 
inhibitor gene (PU) 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 aI., (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, te10meric sequences are lost. It is thought that telomere shortening 
activates a complex cascade of molecular events leading to cellular senescence (Allsopp et 
aI., 1992; Harley et aI., 1990; Hastie et aI., 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, in 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 

7 

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 (l). 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, II 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 
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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 oflower 
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 Muller glial (RMG) cells can express 
the NOS-II isofonn 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 a (TNFa), while co-stimulation with IFNy and interleukin-I~ 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 I, 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 
ILll3/IFNy Inducers: LPS/IFNy/TNFu LPS/IFNy 

FGF-l I FGF-2 

TGFI3 
EGF 

Potentiation 
Inhibition 

N.D 

N.D = non determined. 
None = no effect. 

Inhibition Potentiation 
Potentiation Inhibition 

None None 
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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 (f.lM) 

Control 1.46 ± 0.7 

LPS + IFNy 17.4 ± 0.9 
LPS + IFNy + L-NMMA 2.70 ± 1.5 

Phagocytosis (% control) 

100 

76.8 ± 5.1* 
95.2 ± 4.4 

Confluent RPE cells were incubated for 48 hours in medium alone or with 
LPS (If.lglml) and IFNy (IOOU/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<O.OOI, significantly different from control. 
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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-I and FGF-2 inhibit the induction of NOS at the transcrip
tionalleve1 (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 TGF~ 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 LPSIIFN 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 ofROS 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 CMV-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, 
NG-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 ofL-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 photo receptors and acts 
to maintain their morphological organization, with a more pronounced effect observed in 
the superior hemisphere (Figure I). The protective effect of L-NAME was dose dependent 
and maximal protection (up to 35%) was obtained at 100mg/kg ofL-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 ConsuuaIUunUaation 

Saline Saline LNAME 

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 iNOS 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-II 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-I 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 ofFGF. 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 

8 

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 ofEGF 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 offatty 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 ofEGFR 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 (EDT A) (0.53 mM) 
(Gibco) solution in Hank's balanced salt solution (HBSS) (Bio-Whittaker), without calcium 
and magnesium (trypsinlEDTA solution), for 15 min at 37°C in 5% CO2, Following incubation, 
trypsinlEDTA 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 trypsinlEDTAsolution at 
37°C in 5% COl' At the end of the incubation, trypsinlEDTAsolution was gently aspirated from 
the eyecups. The eyecups were filled with 10% fetal bovine serum in minimum essential 
medium (l0% FBSIMEM, 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 trypsinlEDTA solution for 5 min at 37°C. Thereafter, an aliqout of 10 III was taken, and 
the total number ofRPE cells was counted with use of a Burke-Turk hemocytometer. Incubation 
was stopped by adding 5 times the volume of ice-cold 10% FBSIMEM. 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% CO2 in modified polysterene 
dishes (Becton-Dickinson) at a density of lxl04 cells/cml 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 Vlml, Lederle ).It has been previously 
reported that the serine was substituted for the cysteine residue at 70 and 88 ofb-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 trypsiniEDTA 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 of3xl 04/cm2 at 37°C in 5% CO2, 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 Il 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 1150, in Tw-PBS 
containing 2% bovine serum albumin (BSA): anti-EGFR (activated and unactivated [mono
clonal, clone:Z025, Zymed] and activated [monoclonal, clone:Z026, 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-ll, PCK-26, CY-90, KslA3, M20, A53-B/ A2, supplied 
as prediluted from Sigma) was performed at RT for 2 hr at a dilution factor 1110, 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), 11100 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], I mM phenylmethylsulfonylfluoride [Sigma], 2 ).1g/ml leupeptin 
[Boehringer-Mannheim], and 4 /-lg/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, I-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, I-sec interval) on ice and treated 
for 1 hr at 37°C. Next, 14 /-lg of this sample and 5 /-ll ofprestained protein standard (Bio-Rad) 
was subjected to SDSIlO% 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 8.310.192 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], 111000 dilution, and prediluted anti-cytokeratin pan [monoclonal], 
11100 dilution), in 2% BSAlTw-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 MgCI2, 100 mM Tris/HC1, pH 9.5, 66 ).11 ofNBT solution (50 
mg/ml nitroblue tetrazolium in 70% dimethyl formamide), and 33 ).11 ofBCIP 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. I 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 5 and 
9, most of the proliferated human RPE cells had lost their pigmentation (Fig. 1 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. I 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 factorreceptor (EGFR), (B) activated EGFR 
of the culturedRPE 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 
cells at 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 
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 ofEGFR 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 
proliferation (1). 

It has been reported that EGF is a potent mitogen of cultured human RPE cells (3). 
The synthesis ofEGF 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 ofEGFR 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 C and 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 playa part 
in activating the proliferation ofRPE 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 in 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[ I] 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 homo logs 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, pcd, 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. 
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FOUR PREVIOUSLY KNOWN RETINAL DEGENERATIONS IN 
THE MOUSE 

Purkinje Cell Degeneration (ped) 

Two neurologic disorders with slow progressive photoreceptor degeneration have 
been reported in the mouse. The first, Purkinje cell degeneration (ped), is an autosomal 
recessive mutation that arose on the C57BRlcdJ 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 (nr), 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 (rdl) 

A third retinal degeneration and one of major importance, is rdl (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.[ 1 0] The rdl gene 
on mouse chromosome 5 codes for the B-subunit of cyclic GMP-phosphodiesterase, and 
has been mapped to human chromosome 4pI6.[II, 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 I shows the typical retinal outer segment loss seen 
in rdl 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 
Rd2 in the series because its slow progression is no longer unique. This mutant gene was 
first found in strain 0201 A and mapped near H2 on chromosome 17. [141 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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CBAlJ·rdl/rdl C57BL/6J (normal) 

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

A longer description of these mutations and their effects with further citations is found 
in the Mouse Genome Database [ I ] 

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.[19,20,2I] 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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rd3/rd3 Normal 

Week 3 
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\, 

L 
Week 6 50 maec. 

Figure 2. The electroretinogram to the left is that ofRBF/DnJ homozygous for rd3, compared with the normal 
on the right 

Retinal Degeneration -3 (rd3) 

We discovered retinal degeneration -3 (rd3) in strain RBFlDnJ and related strains, 
all carrying Robertsonian chromosomes with ancestry in a stock of mice derived from the 
Valle de Po schiavo 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 Akpl. 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 lq. 

Fig. 2 shows the electroretinographs of affected and normal mice; This ERG is the 
maximal response from a 10 I-l 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 
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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 rd IIrd I 2 I 1 Chr.S 4pl6 
C3H-Rd2/Rd2 14 12 9 Chr. 17 6p 
CS7BL/6J-pcd/pcd 14 13 10 Chr. 13 Sq? 
C3H-nr/nr II 10 8 Chr.7 8p? 

CS7BL/6J-mnd/mnd 8 6 S Chr.8 16'1 
RBF/DnJ rd3/rd3 3 3 2 Chr. 1 lq32 
In-S6 Rd4/+ 2 2 1 Chr.4 8q or Ip 
CS7BL/6J-rdS/rdS 8 8 5 Chr.7 IlplS 

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 lp or 8q. 

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 
C57BLl6-tub, now a sub line of C57BLl6J 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/tub. Comparative mapping would place a homolog on human lip 15, the 
region where one study has located a human Usher Syndrome Type 1. [31] 

Table I 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 oflarge 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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lW 2W 1M 2M 3M 6M 9M 12M lW 2W 1M 
Normal Mouse rdl/rdl 

lW 2W 1M 2M 3M 6M 9N 12M 
pcd/pcd 

I W 2W 1 M 2M 3M 6M 9M 12M 
nr/nr 

Figure 3. Schematic representation showing changes in visual cell structure of the retina of mutants rdl, Rd2, 
ped and nr, as well as normal mice from I week until the age of 12 months. GeL, 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 tub) 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 (rdl, 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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lW 2W 1M 2M 3M 6M 9M 12M 
Normlll Mouse 

lW 2W 1M 2M 3M 
rd3/rd3 

1 W 2W 1 M 2M 3M 6M 9M 
rd5/rd5 
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OPl 

INl 

IPl 
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lW 2W 1M 2M 3M 6M 
mndimnd 

lW 2W 1M 2M 
Rd4/+ 

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 I week until the age of 12 months. GeL, 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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Age-Related Changes in Rodent Retina 
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SUMMARY 

10 

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, H6pital cantonal universitaire. 22, rue 
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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 Wi star) , 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 ofBM, 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, 0.1 M cacodylate buffer 
(pH 7.2), supplemented with 0.2% tannic acid. After rinsing in 0.1 M cacodylate buffer 
(pH 7.4), the tissue pieces were postfixed in 1% osmium tetroxide in 50mM cacodylate 
buffer (lhr, 4°C) stained "en bloc" with 2% uranyl acetate in 50mM maleate buffer (lhr, 
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 (!-lm). 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) ofRPE cells and BM. As exemplified for the Fischer 
strain, the cytoplasm of young RPE cells (Fig. I a) 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. I b), 
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. I band 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 IO-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, I ~m. 
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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, I Ilm. 

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 ofRPE 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,ll!m. 
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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 (te, 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, I J.!m. 

2. Morphometric Evaluation of Senile Alterations in the Fischer Rat 

91 

Table I 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 ofhemidesmosomes per unit length ofBM 
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 
Iysosomes (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, I J.!m. 
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Figure 6. View of basal aspect 
ofRPE 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 ofleucocytes 
(LE) in the choroidea. PH, pho
toreceptor outer segments. AJ, 
adhaerensjunction. Bar, 2.5/-Lm. 

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. Stereo logic comparison of parameters linked to 
RPE - Bruch's membrane 

Young rats (n = 7) Old rats (n = 7) P 
Ve (/-Lm3) 80.89 ± 1.26 80.63 ± 1.76 P > 0.9 
VBLIVe (%) 3.25 ± 0.33 llA5 ± 1.42 p < 0.01 
HIN/He (%) 20.05 ± 1.13 38.35 ± 1.74 p < 0.01 
HD/LBM (n//-Lm) 2.78 ± 0.1 1.66±0.15 P < 0.01 
CP/LBM (n//-Lm) 0 .33 ± 0.08 0.56 ± 0.01 P < 0.01 

V c, cell volume; V BL' volume of basal lamina-like material; H1N, height of 
cytoplasmic area occuped by basal infoldings; He' RPE cell height; HD, 
hemidesmosomes; LBM, 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 pearl (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 

11 

Metalloproteinases (MPs) present in the interphotoreceptor matrix (IPM) may play 
a role 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 Muller glial cells. The IPM is involved in adhesion between the retina and RPE, 
transport of metabolites, and phagocytosis of shed rod outer segment tips [I]. 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 ofMMP-2 and one member of the tissue inhibitor of metalloproteinases 
family (TIMP-I) 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 bums [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 ofMMP 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 IJ.gm/ml benzamidine, 3 IJ.gm/ml pepstatin A and 2 
IJ.grnlmlleupeptin (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-l 0 membranes. All material 
was stored at -200 e. 
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Fractionation 

Gel Filtration. IPM was fractionated using a 1.6 cm x 9S cm column of Sephacryl 
S-SOO (Pharmacia, Uppsala), superfine, eluted with O.OSM Na phosphate, pH 7.S, O.IM 
NaCl. Elution was followed by measuring absorbance at 280nm and proteolytic activity (see 
below). Fractions were pooled as shown in Fig. lA. 

Ion Exchange Chromatography. Pool B obtained from gel filtration of retinal-IPM 
(see Fig. lA) was dialysed against 10mM Tris-acetate, pH 7.S, applied to a 2.S cm x 60 cm 
column ofDES2 (Whatman, Hillsboro, OR) and washed with the same buffer. Elution then 
proceeded using a linear gradient composed of IL each of the Tris-acetate buffer and O.SM 
NaCl in this buffer, followed by a wash of this buffer containing 1.OM 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 SO mM Tris-HCl, pH 7.S; 2mM CaCl2; 0.02% Brij-3S, containing 
O.SM NaCl until no more 280nm absorbing material was eluted. At that point elution was 
continued with this buffer containing 1.OM 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.S%, with or without 13-mercaptoethanol, 0.36M and EDTA, O.SmM, 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 [2S]. 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 13-mercaptoethanol or EDTA. Following 
electrophoresis, the gels were washed with 2.S% Triton X-IOO for one hour prior to 
incubation in a solution containing SOmM Tris-HCl, pH 7.2; SmM CaC12; IIlM ZnC12; and 
0.02% Na azide at 37°C. The gels were then stained with Coomassie blue. Clear areas 
indicated proteolytic activity. EDTA (10 or SOmM) or 1,10-phenanthroline (10mM) were 
occasionally included in both the Triton X-lOO 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); 0.1 M 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.S%. The 
precipitate which formed during subsequent incubation at 4° C was removed by centrifu
gation. Aliquots of the supernatant fluid were transferred to multi well plates, made alkaline 
by the addition of NaOH, and A4S0nm measured using an ELISA reader. Incubations 
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containing thermo lysin were also prepared to measure the presence of endogenous in
hibitors. 

3H-Gelatin. Incubations contained 3H-labeled, heat-denatured, type I collagen 
(DuPont NEN, Wilmington, DE), 0.04 mg/ml; 0.05M Tris-HCl, pH 7.2; 5mM CaCI2; 
O.IM NaCI 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, 10111 of 50 mg/ml 
milk powder in 0.5M EDTA was added, followed by 40111 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 0.1 IlM substrate (Ac-pro-leu-gly-thioester-leu
gly-OEt) [27]; 0.12mM DTNB; 12mM CaCI2; 60mM HEPES, pH 7.0; along with samples 
and any additives in a final volume of 0.2 ml in a multi well 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). 

RESUL TS 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. lA) 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. IB, lane C). 
The major peak contains the interphotoreceptor retinoid binding protein (IRBP) along 
with other, lower molecular weight materials (Fig. lB, lane D). Unfractionated retinal-IPM 
exhibits no gelatinase (Fig. I C, lane A) or caseinase (Fig. I D, lane A) activity nor activity 
toward azoalbumin or Ac-peptide (data not shown). However, after gel filtration, numerous 
forms are revealed (Fig. I C, 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. lD. 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. I C and D, lane B) [4]. Metalloproteinase and MP 
inhibitor activity as measured by azoalbumin are also evident in many fractions (Fig. 
I A). 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 ofthe components 
of pool B (Fig. 2 A and B). Fractions were pooled on the basis of MP activity or inhibition 
ofMP 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 (0) 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 (e) as described in Methods using azoalbumin as the substrate and thermo lysin 
as the enzyme to be inhibited. Remaining material was then pooled as indicated by the bars. (B) SDS-PAGE 
- Both unfractionated retinal-IPM (5 ~l) and RPE-IPM (5 Ill) (lanes A and B) and pools A, Band C (45 III 
each) (lanes C-E) were subjected to SDS-PAGE under reducing conditions as described in Methods. Zymogra
phy - Both retinal-IPM (60 Ill) and RPE-IPM (40 Ill) (lanes Aand B) and pools A, Band C (60 III 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-I PM 
(Fig. I), was subjected to chromatography on DE52 as described in Methods. Fractions were monitored for 
the following: (A) Absorbance at 280 nm (_) and 260 nm (e) and conductivity (.&), (B) SDS-PAGE - Pools 
A to E (15 J.!l 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 J.!l 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, Band 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 Band C 
(data not shown). These two inhibitor assays measure two different types ofMP. 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, Band C from 
DEAE cellulose 
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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, Band 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 IPM 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. 

A B ( D E A B ( D E A B ( D E 

116 K -

91 I -

66 I -

H K -

A B c 
Figure 3. Gelatin-agarose affinity chromatography. Pools A, Band 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 (AI, BI, CI). (A) SDS-PAGE- Pools BI (8 Ill), CI (8 Ill), C2 
(11 Ill), Al (8 Ill) and A2 (II Ill) (lanes A-E, respectively) were subjected to SDS-PAGE under reducing 
conditions as described in Methods. Zymography- Pools B I to A2 (19 III 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 ofMP 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. Ion 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 BI (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 oflatent, 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 aI., 
1992; Marak, et aI., 1980; Meyers-Elliott and Sumner, 1982; Moticka and Adamus, 1991; 
Schalken, et aI., 1988b; Schalken, et aI., 1989; Wong, et. aI., 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, et aI., 1980). Studies in the 1980's 
have suggested that rhodopsin is more immunogenic and pathogenic than opsin (Schalken, 
et aI., 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 ofB 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 

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al. 
Plenum Press, New York , 1995 105 



106 G. Adamus et aI. 

cytoplasmic surface 

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 ai., 1994; Adamus, et ai., 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 Ilg 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, et ai., 1992). All 
procedures adhered to the ARVO Resolution on the Use of Animals in Research. 

Proliferative responses oflymphocytes were determined by measuring incorporation 
of [3H]-thymidine as previously described (Adamus, et ai., 1992). Purified T cells from 
spleens of immunized animals were cultured with or without stimulant (1 Ilg of concanavalin 
A, 5 Ilg, 10 Ilg of synthetic peptide). Results are presented as stimulation indices (SI) 
calculated as mean cpm of cultures with stimulant divided by mean cpm of the unstimulated 
control culture. Stimulation was considered positive if the SI of injected rats was equal to 
or greater than twice the background (SI=2). 

The nine synthetic peptides derived from rhodopsin's hydrophilic, exposed sequences 
vary in their immunological activities. The most immunopathogenic peptide was 230-251 
(V-VI loop) which caused severe inflammation of the retina. Histologically confirmed uveitis 
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Figure 2. Representative micrographs of the retinas of Lewis rats immunized with peptides derived from loop 
V-VI sequence. Destruction of photoreceptor cell layer following immunization with (A) peptide 230-252; (B) 
peptide 240-251; (C) peptide 240-251 (Ala 250); (D) saline instead of peptide. The eyes were collected 18 
days postimrnunization. The inflammation was similar to that found in animals immunized with intact bovine 
rhodopsin. Normal retina consists of P - photoreceptor cell layer including outer and nuclear cell layers, B -
bipolar cell layer, G - ganglion cell layer, and C - choroid. 

occurred 14 days after injection, and active inflanunation was present for at least the next 10 
days. At first, mild mononuclear cell infiltration with foci of inflanunatory cells in the retina 
was observed. Later, infiltration of the photoreceptor cell layer, outer nuclear layer, and inner 
layer ofthe retina was characteristic. Control animals injected with saline in complete Freund's 
adjuvant did not develop any histological changes (Figure 2). The cellular responses deter
mined by in vitro lymphocyte proliferation assay indicated strong proliferative activities against 
inununizing peptide with a peak of proliferative activity on day 15-16 after inununization. 
Lymphocytes sensitized against this peptide did not recognize the intact rhodopsin molecule in 
culture but sensitized lymphocytes could transfer the disease. 

By application of a series of 12-amino acid long overlapping peptides that covered 
rhodopsin sequence 230-255, only a single peptide - the one containing sequence SAT
TQKAEKEVT (240-251) - has been found to contain a potent uveitogenic site. The 
elimination of serine from its amino-terminus suppressed the pathogenic features suggesting 
importance of this residue for pathogenic T cell activation. Proliferative activities against 
these overlapping peptides are shown in Figure 3. Peptide 240-251 stimulates vigorous 
proliferative response and is the only peptide that contains the uveitogenic site. Injection of 
Lewis rats with this peptide induced infiltration of the photoreceptor cell layer, and inner 
layer ofthe retina (Figure 2C), which finally led to complete destruction of the photoreceptor 
cell layer. A few other peptides exhibited proliferative activities without the disease induc
tion. Peptide 243-254 stimulated in vitro the most vigorous proliferative response but did 
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Figure 3. Proliferative responses of splenic T cells to V-VI loop overlapping peptides from animals injecte( 
with 100 Ilg of the appropriate peptide. Data are presented as stimulation indices. Unstimulated cultures 0 

cells from those animals incorporated 714-2162 cpm. Peptides were tested in vitro at 2.5 11M. Numbers ove 
the bars (0/3, 313) are the number of animals showing uveitogenic response out of a total of 3 tested. 

not induce EAU. The proliferation and pathogenicity data together demonstrate the presenc( 
of pathogenic and proliferative sites within the sequence of loop V-VI. A proliferative sit( 
is distinct from, but overlapping, the uveitogenic site. These indicate that rhodopsin, in ~ 

manner similar to that of other retinal autoantigens, contains separate and distinct T eel 
epitopes that are responsible for the active induction ofEAU and lymphocyte proliferatior 
(Gregerson, et aI., 1989; Kotake, et aI., 1991). 

The role of each of the amino acids contained in the uveitogenic site (240-251) wm 
further examined by testing the activity of peptide analogs in which individual residues wen 
substituted by alanine. Certain residues were found to be important for the site's activities 
Similarly to studies performed with other uveitogenic peptides, the effects of substitutior 
with alanine differ according to the chemical properties of the amino acids being substituted 
Three residues were found essential for both the uveitogenicity and immunogenicity: lysin( 
245, glutamic acid 247, and lysine 248. Peptides with alanine substitutions at these position~ 
did not elicit autoimmune uveoretinitis. Threonines at positions 242 and 243 are apparentI) 
important in the binding site. Some analogs of peptide 240-251 were found to be immuno· 
genic without being immunopathogenic. Threonine at position 251 is important for uveito· 
genicity. The alanine substitution in this position failed to induce EAU. Figure 4 present~ 
important residues involved in pathogenicity of loop V-VI of rhodopsin. 

THR THR GLN ~ ALA I GLU I LYS I GLU VAL ~ 

Figure 4. Scheme representing uveitogenic site, peptide 240-252. Amino acids involved in pathogenicity 0 

loop V-VI are boxed. 
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The proliferation and pathogenicity data together demonstrate the presence ofpatho
genic and proliferative sites within the sequence 240-251. A proliferative site is distinct from, 
but overlapping, the uveitogenic site. The identification of regions of the molecule which 
are responsible for the pathogenicity of the potential autoantigen is important in under
standing the immune mechanisms by which ocular inflammation occurs. Loop V-VI is a 
good example of a cryptic determinant. Sensitized lymphocytes were found to be capable of 
inducing the disease in naive animals, yet failed to respond to rhodopsin in culture. Similarly 
to other determinants studied that induced experimental EAU (Gregerson, et aI., 1990; 
Lipham, et aI., 1991) this previously cryptic region is uveitogenic when injected as a peptide. 
The pivotal event that initiates autoimmune disease may also involve induction of a strong 
T cell response against some cryptic determinants. Once initiated, the activated T cells can 
cause tissue destruction. 
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13 

The biological function of vitamin E as a lipid antioxidant has been a topic of 
investigations for over fifty years. Since the discovery of antioxidant activity, several 
functions of vitamin E have been elucidated and its role in various vertebrate organs has 
been examined and discussed. Numerous studies have demonstrated that a-tocopherol 
(vitamin E) is related to reproduction and that its deficiency results in sterility (White et al. 
1978). Furthermore, the role of vitamin E in oxygen metabolism and membrane function as 
a protector against free radical oxidation has been documented in several studies (Lucy 1978; 
McCay et al. 1978). 

It is well known that the vertebrate retina is particularly vulnerable to damage by 
activated oxygen radicals due to its high concentration of polyunsaturated fatty acids 
(Anderson and Andrews 1982; Wiegand et al. 1986). In bovine rod outer segments, vitamin 
E normally occurs in relatively large amounts (Dilley and McConnell 1970), therefore, it is 
possible that a-tocopherol may protect the retina from degeneration. Previous evidence 
suggests that lipid peroxidation plays a major role in the retinal degeneration following e.g. 
constant illumination (Wiegand et al. 1983) or vitamin E deficiency (Hayes 1974; Robison 
et al. 1979; Riis et al. 1981). In rabbit eyes, cataract formation has also been reported as a 
result of nutritional vitamin E deficiency (Devi et al. 1965). 

Some symptoms of inflammation are due to increased fragility of the lysosomal 
membrane and the release of their lytic enzymes, leading to cellular and extracellular injuries 
(Hayasaka 1974). Amemiya (1981) observed that rats deficient in vitamin E developed a 
disruption of the RPE lysosomal membrane resulting in infiltration of lytic enzymes into the 
subretinal space. These alterations became more prominent with increasing duration of vitamin 
E deficiency. From these findings, the author assumed that disc degeneration of the photore
ceptor outer segments may be due to enhanced activity of the lysosomal enzymes in the RPE 
and because of the effects these released enzymes have on the photoreceptor outer segments. 
Experiments on ReS rats, an animal model for hereditary retinal dystrophy, demonstrated a 
defect in the RPE lysosomal membrane of this strain of rat (El-Hifnawi and Kuhnel 1987a, b; 
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EI-Hifnawi et al. 1994). Extracellular release of lytic enzymes, e.g. acid phosphatase and 
cathepsin D, occurred at a very early stage of the disease and increased as the animals grew 
older. Our recent findings on RCS rats have shown that a daily administration of vitamin E 
caused the stabilization of the RPE lysosomal membrane. Furthermore, an increase in the 
survival rate ofthe photoreceptor cells and pigment epithelium was observed (EI-Hifnawi et al. 
1993). The experiments undertaken in this study were to examine the retinas of rats following 
deprivation of vitamin E over various periods of time. Particular emphasis was placed on 
comparing the results of nutritional factors with those related to inherited factors. 

MATERIAL AND METHODS 

Three groups of9 month old non-dystrophic animals were obtained from the RCS-rdy+ 
congeneic strain and fed a vitamin E deficient diet ad libitum for various periods of time (35, 
75 and 95 days). Control animals were obtained from the same strain and fed a normal diet. All 
animal groups were maintained in a 12 hr light - 12 hr dark environment at a room illumination 
of approximately 12-18 foot-candles from overhead fluorescent lamps. The illumination levels 
within the cages varied considerably, depending upon the position of the cage. However, it 
never exceeded 15 foot-candles. The temperature of the room was controlled at 21 ± 1°C. The 
treatment of the animals in this study was in conformance with the ARVO resolution on animal 
use in research. The rats were sacrificed by injecting an i.p. overdose of phenobarbital 
(Nembutal® 0.1 mIll 00 g body weight). It is well established that disc shedding and the 
phagocytic activity of the retinal pigment epithelium, is greatest during the first two hours of 
light exposure (La Vail 1976). For this reason, and because of the increase in lytic enzyme 
activity during this time, the animals were sacrificed within this period and the eyes enucleated 
immediately upon death. In order to facilitate identification of the individual eye quadrants, 
they were marked with a surgical marking pen. The eyes were enucleated and prepared for 
electron microscopic and immunohistochemical examination. 

Fixation for electron microscopy was done using 4% glutaraldehyde in 0.1 M cacody
late buffer at a pH of7A. The cornea was slit horizontally, and fixation continued for 30 min. 
at room temperature. Tissue samples were obtained in such a way that each section included a 
full length of retina from the optic nerve head to the ora serrata and into some portion of the 
cornea. Samples were rinsed several times in the buffer solution mentioned above with the 
addition of 8.5% sucrose for a period of 1 hr. The specimens were post-fixed for 2 hrs. in a 
Dalton solution (1955), containing 1 % osmium tetroxide. Samples were dehydrated through a 
graded series of alcohols and then flat embedded in Durcupan ACMR (FLUKA). Oriented 
semi-thin sections were cut at 1-1.5 /lm with glass knives on a Reichert OmU2a ultramicro
tome, mounted on glass slides and stained following the same procedure described by 
Richardson et al. (1960). Ultrathin sections from selected retinal regions were cut with a 
diamond knife and double stained with uranyl acetate and lead citrate (Reynolds 1963). 
Electron microscopic examination of the ultrathin sections was carried out on a TEM Zeiss 9S. 

For immunohistochemical examination, the enucleated eyes were fixed immediately 
and left overnight in 4% buffered neutral formalin at 4°C. Following standard histological 
procedures, the specimens were embedded in paraffin wax. Oriented serial sections (4-5 /lm) 
were cut, so as to include the whole length of the retina passing through the optic nerve head 
and extending forward to the ora serrata. The sections were mounted on glass slides which 
had been additionally cleaned with Extran® (MERCK) and coated with 2% 3- Aminopropyl
triethoxysilane (SIGMA) for better adhesion. Following deparaffinization, the presence of 
cathepsin D was demonstrated immunohistochemically by the alkaline phosphatase-anti al
kaline phosphatase (APAAP) technique. Nonspecific protein binding was eliminated by a 
30 min. incubation at room temperature in 20% normal swine serum in TBS buffer pH 7.6, 
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Figure 1. Low power light micrograph showing the subdivision of each eye quadrant prior to semi-thin and 
ultrathin sectioning. Periphery (P); Midperiphery (M); Center (C) X25. 

obtained from DAKO. The polyclonal antibody (anti-cathepsin D Code No. A561), obtained 
from DAKO, was diluted to I: 1 00 and incubated for 30 min. at room temperature. After each 
step, sections were washed three times in TBS buffer. All incubations were carried out in 
humidified chambers in order to prevent evaporation. Immunohistochemical labelling was 
then performed using the APAAP technique. The visualization of the enzyme was carried 
out with the new fuchsin stain. The nuclei were counterstained with Mayer's hemalum and 
mounted in glycergel. Negative control staining was performed by omitting either the 
primary polyclonal antibody or subsequent stages of the labelling procedure. No positive 
staining was seen in the negative control preparations. 

RESULTS 

In rats fed a vitamin E deficient diet for 35 days, beginning 9 months after birth, the 
photoreceptor outer segments were disorganized and an abnormal localization of cathepsin D was 
detected on the distal regions (Fig. 2). The extracellular distribution of cathepsin D in the 
subretinal space is due to instability of the lysosomal membranes in the RPE cells. Following a 
prolonged duration on the deficient diet, the extracellular enzyme activity became more pro
nounced. In control animals, cathepsin D was restricted to the retinal pigment epithelium (RPE) 
and no reaction product was found extracellularly. Compared to normal rats (Fig. 3), the outer 
nuclear layer (ONL) showed signs of degeneration in the form of pyknotic nuclei and a reduction 
in thickness. These alterations were restricted to the far periphery of the retina. The rest of the 
neural retina - bipolar, ganglion cells - and RPE appeared to be morphologically unaffected. 

In rats fed a vitamin E deficient diet for 75 days, the alterations became more prominent. 
The retina was reduced in thickness as a result of photoreceptor cell degeneration. The outer 
nuclear layer contained numerous pyknotic cell nuclei corresponding to the degree of outer 
segment degeneration. In the midperiphery and center of the retina, the outer segments of the 
photoreceptor cells were extremely thin, unusually long and disorganized. When viewed at 
light microscopic level, it was difficult to distinguish morphological damage in the RPE and 
inner segments. However, when examined ultrastructurally, disruption of the RPE cell mem
branes and loss of their cell organelles could be seen. In these areas, the RPE cell layer had lost 
its original thickness and become atrophic. Non-phagocytized discarded outer segment mate
rial was found in close proximity to the RPE cells (Figs. 4a, 5). Vacuolation of the outer segment 
discs and inner segments were apparent (Fig. 5). However, the periphery was more affected 
than the other retinal regions, e.g. midperiphery and center (Fig. 4). 

In rats fed a vitamin E deficient diet for 95 days, the degenerative changes became 
more prominent than in 75 days (Fig. 4). All the retinal layers were affected, in some areas 
the photoreceptor cells had almost disappeared, consisting of only 1-3 nuclear rows (Figs. 
4c, d, 6). In regions in which the photoreceptor cell layer had been greatly reduced in 
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Figure 2. Paraffin section of9 month old normal rat retina fed a vitamin E deficient diet for 35 days. Abnormal 
distribution of cathepsin D activity on the distal portion of photoreceptor outer segments is visualized as red 
reaction product (arrowheads). X950. 

thickness (Fig. 7), the RPE cells showed dramatic changes in the form of extreme thinning, 
loss of cell organelles and partial disruption of the cell membranes. Numerous lipid-laden 
lysosomes were seen in the cytoplasm of the RPE cells (Fig. 8). In the far periphery of the 
retina, a focal loss of the inner and outer segments was present and their remnants were 
located in the subretinal space, next to the pigment epithelium (Fig. 7). In other areas, 

Figure 3. Light micrographs illustrating the periphery (A) and midperiphery (B) of the retina of a 9 month old 
rat fed a normal diet. A-B, X190. 
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Figure 4. Micrographs showing the retina of rats fed a vitamin E deficient diet for 75 days (A, B) and 95 days 
(C, D) at the same magnification. With prolonged deficiency, a reduction in retinal thickness is evident due to 
loss of photoreceptor cells. (A, C periphery; B, D midperiphery) A-D, X320. 

vacuolation and loss of cytoplasmic ground substance were evident in the perikarya and 
inner segments ofthe photoreceptor cells (Fig. 6). The outer segments were extremely short, 
their discs disorganized and vacuolated. Due to the loss of photoreceptor cell nuclei, the 
outer limiting membrane was interrupted (Fig. 6). Occasionally, free cells, which could be 
identified as resembling photoreceptor cells, were located next to the apical portion ofRPE 
cells (Fig. 8). Signs of morphological alterations were found in the choriocapillaris and 
Bruch's membrane in the form of focal narrowing and condensation of osmiophilic material, 
as can be seen in Fig. 8. Degenerative changes were also seen in the innermost retinal layers. 

DISCUSSION 

Experimental vitamin E deficiency has elicited a multitude of pathologic entities in 
a variety of tissues. In ocular pathology, including human and animals, cataract and retinal 
degeneration has been well proven (Devi et a1. 1965; Riis et a1. 1981; Katz et a1. 1982). The 
present study demonstrates that vitamin E deficiency induces degenerative changes in the 
retina and retinal pigment epithelium. These alterations become increasingly prominent with 
prolonged duration on the diet. Our findings are in accordance with those of several 
laboratories, in that experimentally induced vitamin E deficiency leads to the degeneration 
of photoreceptor outer segments and retinal pigment epithelium (Hayes 1974; Robison et a1. 
1979). It is worth noting that retina and rod outer segments have a greater percentage of their 
fatty acids as docosahexaenoic acid than most other tissues (Wiegand et a!. 1986). The 
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Figure 5. Electron micrograph illustrating the midperipheral retina of a rat fed a deficient diet for 75 days 
starting 9 months after birth. Note the disorganization and vacuolation of the photoreceptor outer segment discs 
(*) and the loss of cell organelles and distended mitochondria in the inner segments (arrowheads). X3,250. 

Figure 6. Electron micrograph of the photoreceptor cells from a rat fed a vitamin E deficient diet for 95 days. 
The thickness of the outer nuclear layer has decreased to 2-3 nuclei. A loss of cell organelles and disruption of 
the inner segment cell membrane are clearly apparent (arrowheads). Arrows indicate the outer limiting 
membrane. X3,400. 

Figure 7. Light micrograph from the periphery of the retina showing changes in photoreceptor cells and 
pigment epithelium as a result of vitamin E deficiency for 95 days. The photoreceptor cell layer has almost 
disappeared and consits only of 1 row. Structures reminiscent of inner and outer segments (*). Xl,OOO. 

Figure 8. Electron micrograph showing the pigment epithelium and choriocapillaris of a rat fed a vitamin E 
deficient diet for 95 days. Asterisk indicates a cell nucleus probably originating from a photoreceptor cell lying 
close to the pigment epithelium (PE). Signs of alterations are evident in the Bruch's membrane (BM) and 
choriocapillaris (CC). Inset: higher magnification oflipid-laden lysosomes in the apical portion of the pigment 
epithelium. X7,800., Inset: X17,OOO. 
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evidence to date, suggests that vitamin E, as an effective radical scavenger normally found 
in the retina (Dilley and McConnell 1970), plays a major role in protecting the highly 
unsaturated lipids of retinal membranes from free radical induced peroxidation (Robison et 
al. 1979, Wiegand et al. 1986). Katz et al. (1982) observed that albino rats deficient in 
selenium and vitamin E, showed a loss of photoreceptor cells, marked disruption of outer 
segment membranes and an increase in lipofuscin granules in the pigment epithelium. 
Lipofuscin accumulation in the rat RPE cells, as a result of vitamin E deficiency, has been 
well documented (Robison et al. 1979, 1980; Bieri et al. 1980). This accumulation is not 
confined to the RPE cells, but is also demonstrated in melanocytes and fibroblasts of the 
choroidal stroma in rats fed a vitamin E deficient diet (Herrmann et al. 1984). However, 
dietary vitamin A levels influence the extent oflipofuscin accumulation in the retinal pigment 
epithelium following vitamin E deficiency (Robison et al. 1982). 

Instability of the lysosomal membrane has been demonstrated in different tissues under 
various pathological conditions, e.g. high concentration of retinol (Dewar et al. 1975), light 
exposure (Weissmann and Dingle 1961), vitamin E deficiency (Amemiya 1981). In the present 
study, however, the release of cathepsin D from the RPE Iysosomes into the subretinal space 
occurs and increases with prolonged duration of the deficiency. The findings presented in this 
paper are in accordance with those of Amemiya (1981) in that lytic enzymes were found on the 
disc membrane of photoreceptor outer segments in vitamin E deficient rats. He concluded that 
the disc degeneration of photoreceptor outer segments might be due to the enhanced activity of 
lysosomal enzymes in the retinal pigment epithelium and the effect their release has on the 
photoreceptor outer segments. Our recent immunohistochemical studies have clearly shown 
that cathepsin D in normal human and rat retinas is restricted only to the RPE cells, no 
extracellular reaction product was found (EI-Hifnawi 1995; EI-Hifnawi et al. in press). In 
hereditary retinal dystrophy, cathepsin D reaction product was found extracellularly in the 
subretinal space and on the photoreceptor outer segments (EI-Hifnawi et al. 1994). From these 
findings, we concluded that photoreceptor cell degeneration may be due to the release oflytic 
enzymes from the retinal pigment epithelium. In previous studies, we were able to demonstrate 
that the oral administration of acetyl salicylic acid had a positive effect on the survival rate of 
photoreceptor cells (El-Hifnawi and Kuhnel 1989; El-Hifnawi et al. 1992). The survival of 
photoreceptors corresponds with the RPE, which was in markedly better condition in compari
son to untreated animals. Similar results were obtained by administrating alpha-tocopherol 
(E1-Hifnawi et al. 1993). Based on our earlier and present findings, it is plausible to conclude 
that lipid peroxidation may playa role in retinal blindness caused by nutritional and inherited 
factors. Further investigations are in progress to substantiate this assumption. 
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INTRODUCTION 

14 

The Royal College of Surgeon (RCS) rat is an animal model for Retinitis pigmentosa 
(1) with a still unknown genetical defect. In order to find a candidate gene which also serves 
as candidate for human retinitis pigmentosa, the functional defect in the retina of the RCS 
rat has been intensively studied. It has been shown, that the defect is located in the retinal 
pigment epithelium (RPE). Using cultured RPEcells or in situ preparations of the posterior 
eye (2-7), it has been demonstrated that the RPE of RCS rats is unable to ingest shed outer 
segments of the photoreceptors. The RPE is able to bind the outer segments of photo receptors 
to the apical membrane but fails to incorporate them (2). Several lines of evidence show that 
in the RPE of RCS rats the second messenger system is disturbed which regulates the 
phagocytosis of photoreceptor outer membranes (5-8). Normal phagocytosis ofphotorecep
tor outer membranes is regulated by calcium and the phosphoinositol second messenger 
system (9-11 ). Light stimulates the onset of phagocytosis of photoreceptor outer membranes 
which is associated with an increase ofthe phosphoinositollipid concentration in the cytosol 
of the RPE (10). An increase of the cytosolic free calcium, which leads to activation of protein 
kinase C, represents the "off' signal for phagocytosis (9). Both mechanisms contribute to 
the fine regulation of phagocytosis of photoreceptor outer membranes in the RPE. The 
unspecific phagocytosis of for example latex microspheres is not regulated by this second 
messenger system (12). It has been reported for RCS rats that the second messenger system 
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of the RPE cells is disturbed. An abnonnal phosphoinositol generation (8) and a reduced 
cAMP production has been reported in RCS RPE cells (6). As consequence to these findings 
the RPE in RCS rats expresses an altered growth factor responsiveness (7, 13) and protein 
phosphorylation (5). In addition, the regulation of photoreceptor membrane phagocytosis 
may also be misregulated. 

Many functions of the RPE are related to the ion conductance of the RPE cell 
membrane. Potassium and chloride conductances of the RPE membrane are involved in 
epithelial transport and maintaining the ion homeostasis in the subretinal space (14). Using 
the patch-clamp technique (15) on cultured or freshly isolated RPE cells a variety of ion 
conductances of the cell membrane have been described. Inwardly and outwardly rectifying 
potassium channels are dominating the membrane conductances in all investigated species 
(16-21). In addition, volume-activated, calcium-dependent or cAMP-activated chloride 
channels were found in RPE cells (22-24). Voltage-dependent calcium conductances were 
observed in cultured and freshly isolated RPE cells from the rat (25,26). Human and monkey 
RPE cells were also able to express voltage-dependent sodium channels (27, 28). 

The aim of this study was to compare characteristics of the RPE cell membrane 
conductances from nonnal non-dystrophic and RCS rats. Cultured RPE cells have been 
shown to be a useful model to study electrical properties of the RPE (19-21, 23, 26). In 
addition, cultured RPE cells of the RCS rat display their functional defect also in cell culture 
(2-7). Therefore, we compared the ion conductance of the membrane of cultured RPE cells 
from non-dystrophic and RCS rats using the whole-cell configuration of the patch-clamp 
technique (15). We found an increased membrane conductance for calcium in RPE cells from 
RCS rats compared with non-dystrophic rats (29). 

METHODS 

RPE cells of both RCS and non-dystrophic rats were cultured using the method of 
Edwards (30). In short, eyes were incubated in Puck's saline F without Mg2+ and Ca2+ 

containing 0.1 % trypsin for 30 minutes at 37°. After the anterior parts of the eye including 
the vitreous and the retina were removed, sheets of the RPE were gently brushed offusing 
a fine pair of forceps. The sheets of the RPE were collected in Ham's FlO culture medium 
containing 20% FBS, 1 OO~g/ml kanamycin and 50~g/ml gentamycin. After the cells had 
been dissolved into a cell suspension by gentle pipetting, the cell suspension was plated out 
into petri-dishes equipped with glass cover-slips and maintained at 37° C and 5% CO in air. 
After 24 hours the cells had settled down and started to spread out resulting in confluent 
monolayers of pigmented epitheloid-shaped cells after 9-16 days in culture. 

Figure 1. Whole-cell currents in cultured cells of the rat retinal pigment epithelium. A. Pattern of electrical 
stimulation: the cells were electrically stimulated via the patch pipette using a series of voltage-steps positive 
and negative from the holding potential at Is intervals. From the holding potential, which was adjusted to 
-45m V, nine voltage-steps of 50 msec duration and 10m V increasing amplitude were performed to depolarize 
the cell. This was followed by nine voltage-steps of 50 msec duration and 10 mV increasing amplitude to 
hyperpolarize the cell. B. Top: Whole-cell currents in a cultured RPE cell of non-dystrophic rats: the electrical 
stimulation of a control cell by the stimulation protocol described above, led to voltage-dependent outward 
and inward currents (currents without capacitance compensation). Bottom: Current/voltage plot of the steady
state currents shown above. The steady-state current amplitudes were plotted against their step-potentials of 
the stimulation protocol. C. Top: Whole-cell currents in a cultured RPE cell from RCS rats: the electrical 
stimulation led voltage-dependent outward and inward currents (currents without capacitance compensation). 
Bottom: Current/voltage plot of the currents shown above. The steady-state currents were plotted against the 
step potentials of the stimulation protocol. 
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For patch-clamp recordings the cover-slips with cultured RPE were placed into a 
perfusion chamber mounted onto the stage of an inverted microscope. Membrane currents 
were measured using the conventional whole-cell configuration of the patch-clamp tech
nique (15). During the whole-cell configuration the cells were superfused using a saline 
containing the salts of the Ham's FlO culture medium (mM): 0.3 CaCI2, 3 KCI, 0.6 MgCI2, 

130 NaCI, 14 NaHC03, 1 Na2HP04, 33 HEPES, 5.5 glucose; adjusted to pH = 7.2 with Tris. 
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The patch-pipette contained a solution which mimicks the intracellular ion composition 
(mM): 0.5 CaCI2, 5.5 EGTAIKOH, 100 KCI, 2 MgS04' 10 NaCl, 10 HEPES; adjusted to pH 
= 7.2 with Tris. 

RESULTS 

In order to compare an overview of voltage-dependent membrane currents present 
in cells from non-dystrophic and RCS rats, both types of cells were electrically stimulated 
using a series of voltage-steps positive and negative from the holding potential of -45 m V 
(fig. lA). From the holding potential, nine voltage-steps of 50 msec duration and 10 mV 
increasing amplitude were performed to depolarize the cell. This was followed by nine 
voltage-steps of 50 msec duration and 10m V increasing amplitude to hyperpolarize the cell. 
At a first glance, the membrane currents induced by this stimulation were not different in 
RCS and non-dystrophic rats (fig. 1B and 1 C). Depolarization of cells from both RCS and 
normal rats led to voltage-dependent outward currents. These currents activated in a 
time-dependent manner and reached maximal current amplitudes after 50msec. Hyperpo
larization led in 30% of the cells cultured from both RCS and non-dystrophic rats to an 
inward current which activated in a nearly time-independent manner. The inward and 
outward currents were reversibly blockable by blockers of voltage-dependent potassium 
channels (21). In addition, removing intra- and extracellular potassium eliminated the 
voltage-dependent currents in RPE cells from RCS and non-dystrophic rats (21). Thus, the 
membrane conductance in RPE cells from RCS and non-dystrophic rats seemed to be 
dominated by potassium conductances. An outwardly rectifying conductance displaying the 
characteristics of the delayed rectifier potassium channel and a second conductance express
ing the characteristics of the inward rectifier potassium channel. 

However, a more detailed investigation of the membrane conductance of RPE cells 
from both rat strains revealed differences in the electrical properties. With - 38.9 ± 9 mV 
(mean ± SD, n = 31) the cells of the ReS rats showed a significant (p < 0.05) more positive 
resting potential (figure 1 B, C) than cells from non-dystrophic rats (- 47 ± 14 mY; mean ± 
SD; n = 32; ref. 29). In addition, the activation threshold of the delayed rectifier (figure I B, 
C) of - 7.3 ± 2 mV (mean ± SEM; n = 13) was shifted in RPE cells from Res rats to more 
positive values compared with cells from non-dystrophic rats (- 29 ± 2 m V, mean ± SEM; n 
= 11, ref. 29). This indicates the presence of an additional conductance in RPE cells from 
ReS rats. This additional conductance must be a conductance for an ion with a Nemst 
potential more positive than that for potassium and shifted the activation threshold of the 
delayed rectifier currents to a more positive value. 

Therefore, we investigated more closely the outwardly directed delayed rectifier 
currents. For this purpose we used another stimulation protocol which depolarized the cell 
from a holding potential of -45m V with nine voltage-steps of 50 msec duration and 10m V 
increasing amplitude (fig. 2a). In cells from both rat strains the currents of the delayed 
rectifier were reversibly blocked by the potassium channel blocker barium(fig. 2b). In 
contrast to cells from non-dystrophic rats, we observed in RPE cells from RCS rats in the 
presence of 10mM barium not only a reduction of the outward current but an additional 
inward current (fig. 2c). Thus, the additional membrane conductance in RPE cells from RCS 
rats led to large inward currents in the presence of barium. Since it is known that barium 
passes through L-type calcium channels better than calcium itself, we tested the hypothesis 
that the additional inwardly directed membrane conductance was a calcium conductance. 
The additional currents in the presence of barium in cells from RCS rats were reversibly 
blocked by the calcium channel blockers verapamil (30IlM, ref. 29) and diltiazem (30IlM, 
ref. 29). The blocker for L-type calcium channels nifedipine (lIlM) reversibly reduced the 
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inward current in the presence of barium to 12 ± 2 % of control (mean± SEM, n = 3); recovery 
to 61 ± 6% of control (mean ± SEM; n = 3). Thus, the additional membrane conductance in 
RPE cells from RCS rats showed characteristics ofL-type calcium channels. 

DISCUSSION 

In this study we described functional differences between retinal pigment epithelial 
cells from RCS and non-dystrophic rats (29). 

The membrane conductance of RPE cells is dominated by potassium conductances. 
This has been shown in various species using cultured or freshly isolated cells and by 
investigating the membrane conductance using the patch-clamp technique or in micropunc
ture studies (16-21). In patch-clamp studies two main potassium conductances have been 
reported: one outwardly directed conductance with characteristics of the delayed rectifier 
and a second inwardly directed conductance with the characteristics of the inward rectifier 
potassium channel (17-21). In our hands, cultured RPE cells from the RCS rat and from 
non-dystrophic rats displayed the same two potassium conductances. Thus, the membrane 
conductance of RPE cells from RCS rats seemed not to be different compared with cells 
from non-dystrophic rats or with cells from other species including man (16-21). 

However, a closer investigation of the outwardly rectifying potassium channel 
revealed differences between the RPE cells from RCS and non-dystrophic rats. In the 
presence of barium an additional inward current was observed in RPE cells from RCS rats. 
This inward current was blocked by the Ca2+ -channel blockers verapamil, diltiazem (29) and 
nifedipine which indicates this additional inward current to be a barium current through 
L-type calcium channels. Thus, the RPE cells from RCS rats express an increased membrane 
conductance for calcium compared to normal rats. In recent studies it has been shown that 
freshly isolated (24) or cultured RPE cells from non-dystrophic rats also express L-type 
calcium channels (25, 26). However, these studies were performed under conditions where 
potassium currents were totally blocked. In our investigation we could detect barium currents 
through L-type channels in the presence of potassium currents in cells from RCS rats, 
whereas these barium currents were never observed under these conditions in RPE cells from 
non-dystrophic rats. In cultured cells from non-dystrophic rats the calcium current ampli
tudes were too small to be observed in the presence of potassium currents under control 
conditions. In addition, the increased membrane conductance for calcium in cells from RCS 
rats led to differences in the properties of the resting cell. RPE cells from RCS rats showed 
a significant more positive resting potential and the activation threshold of the outwardly 
rectifying potassium conductance was shifted to more positive values. 

The increased calcium conductance in RPE cells from RCS rats possibly has two 
consequences for the interaction of photo receptors and the RPE. First, the role of potassium 
conductances in the RPE may be affected by the increased calcium conductance. One role 
of potassium conductances in the RPE is to determine the resting potential of the cell (15). 
It is known from studies using the electroretinogram that the onset or offset of light leads to 
hyper- or depolarizations of the RPE (31). This is normally compensated for by the potassium 
conductance of the RPE cell membrane. As we could show the activation threshold of the 
outwardly rectifying potassium conductance was shifted to more positive values in the RPE 
of RCS rats. In non-dystrophic rats, the RPE depolarized by 10-15 m V in response to the 
removal of light from the eye (31) which in turn activates the outward rectifier potassium 
channels for compensation. In the RPE ofRCS rats the outward rectifier cannot by activated 
by removal of light from the eye because the activation threshold is shifted to a more positive 
value. In addition, the depolarization by 10-15 m V would lead to an influx of calcium into 
the cell through L-type calcium channels in cells from RCS rats which would not occur in 
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RPE cells from non-dystrophic rats. Thus, light causes different responses in the RPE cells 
from RCS rats compared to non-dystrophic rats which might affect their functional integrity. 
Second, the increased calcium conductances in RPE cells from RCS rats may change the 
second messenger system which regulates the phagocytosis in these cells. Using cultured 
RPE cells it has been shown that the RPE in RCS rats is unable to phagocytose shed 
photoreceptor discs (2-7). These RPE cells are able to bind the disc membranes but are unable 
to ingest them (2). An increase of the cytosolic free calcium and activation of protein kinase 
C represent the off signal for phagocytosis in RPE cells (9). Here we report that the RPE 
cells from RCS rats express an increased membrane conductance for calcium which might 
lead to an influx of calcium into the cell when the RPE cells are depolarized with every 
extinction of light. Thus, every extinction of light could generate an off signal for phagocy
tosis in the RPE ofRCS rats. In addition, the regulation of calcium stimulating agonists in 
the RPE of RCS rats could be altered. The phagocytosis by the RPE is regulated by the 
calcium/inositol-phosphate second messenger system (9, 10). Several studies suggest that 
there is a disturbed second messenger system in the RPE of RCS rats, which may lead to a 
disturbed regulation of phagocytosis (6, 7, 8, 13). The increased calcium conductance in 
RCS RPE cells could result in a changed increase of the cytosolic free calcium in response 
to agonists that activate the calcium second messenger system. Thus, regulation of phago
cytosis by calcium stimulating agonists in the RPE of RCS rats could be altered. 

In summary, we could demonstrate that cultured cells from RCS rats express an 
increased membrane conductance for calcium compared to cells from non-dystrophic rats. 
This observation can be related to the functional defect of the RPE in RCS rats which leads 
to the retinal degeneration in this animal model. This observation may help to find a candidate 
gene to elucidate the genetical defect in RCS rats which may also serve as candidate gene 
for human Retinitis pigmentosa. 
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EFFECT OF SUGARS ON PHOTORECEPTOR 
OUTER SEGMENT ASSEMBLY 
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Houston, Texas 77030 

INTRODUCTION 

During embryonic development, the rudimentary layers that will become the pigment 
epithelium (PE) and the neural retina are brought into close proximity upon the collapse of 
the optic vesicles. At this developmental stage, the retina is morphologically undifferentiated 
and photoreceptor outer segments have not yet begun to form. The close apposition of the 
PE and photoreceptors prior to the time when outer segments first appear raises the 
possibility that the PE could be a source of signals that induce or regulate photoreceptor 
development and outer segment elaboration. Also, the observation that outer segment 
development is limited in the absence of the PE in most species suggests that interactions 
between these two cell types may be of fundamental importance for the structural and 
functional maturation ofphotoreceptors [1, 2, 3, 5,13,16,19,20,26]. 

The effects of the PE on photoreceptor survival has been known for several years. 
Retinal detachment studies indicate that the cone and rod outer segments degenerate very 
quickly after retinal detachment and the degree of recovery of cell morphology and function 
are negatively correlated with the duration of the detachment [4, 7, 11, 12, 17]. In the Royal 
College of Surgeons (RCS) rat, it has been shown that a defect in the PE results in 
photoreceptor degeneration unless growth factors [8] or subretinal fluid [23] are injected 
into the subretinal space or a PE transplant is performed [18]. In all cases, the rescue extends 
beyond the limits of the transplant suggesting that a diffusible factor from the PE is 
responsible for the rescue. While a great deal of data indicate that the PE or "factors" supplied 
by the PE are of paramount importance to the development andlor survival of photoreceptors, 
the nature of these interactions is poorly understood. 

Recent studies [21, 22] utilizing Xenopus laevis retinal rudiments have demonstrated 
that intact undifferentiated retinas when placed in culture in the presence of an apposing PE 
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are able to elaborate organized outer segment membranes forming stacked saccules and the 
amount of opsin is equivalent to that present at approximately stage 41 of in vivo develop
ment after 3 days of culture. In the absence of a closely apposed PE, extensive amounts of 
disorganized outer segment membrane are synthesized as whorl-like structures, forming a 
mat-like array at the outer retinal surface. The amount of opsin produced is approximately 
one-half of that present when the retinas are cultured in the presence of the PE. This model 
of retinal development allows for exploration of the interactions between the PE and the 
photoreceptor cells that are possibly involved in maturation and differentiation of the 
photoreceptor cells, as well as outer segment membrane organization. This system can be 
exploited to determine what factors are able to alter the organization of the membranes and 
the synthesis of the proteins therein. 

HYPOTHESIS 

What is lacking from the cultures maintained in the absence of the PE that does not 
allow the proper organization of the photoreceptor outer segment membranes? The hypothe
sis tested in this study is that a specific carbohydrate-lectin interaction is necessary for the 
correct assembly of outer segment membranes. In the absence of the PE, the proper 
carbohydrate is missing because it was synthesized by the PE or the sugar is not able to exert 
its organizational effect because of dilution into the culture medium. Addition of the proper 
saccharide to the culture media may allow proper formation of the outer segment membranes. 
To test this hypothesis, we added a series of exogenous carbohydrates to the culture medium 
and assayed their effect on the organization of nascent outer segment membranes in retinas 
that had the PE removed prior to in vitro development. Retinas were removed from stage 
33/34 embryos, when the first outer segments can be detected on occasional photoreceptors 
[22]. Therefore, the vast majority of the outer segments are formed in the absence of the PE, 
yet in the presence of an exogneous carbohydrate. In the presence of some sugars, outer 
segment membranes were able to form stacked flattened discs that were aligned with 
individual inner segments. These are termed permissive sugars. Those that had no effect on 
the formation of the outer segment structure are termed non-permissive. Sugars were tested 
at concentrations from 50 mM to 5 11M. Control conditions included retinas that matured 
with and without an adherent PE in the absence of any added carbohydrate. 

Light microscopy was used to monitor the assembly of outer segment discs of control 
retinas, as well as retinas allowed to develop with exogenous carbohydrate. Tissues were 
fixed and processed following standard procedures [21]. Criteria used to score the mor
phologic appearance of the outer segment membranes were: organization of outer segment 
membranes (flattened, stacked, membranous leaflets which could be localized to individual 
photoreceptor cell bodies) and consistency of appearance between retinal rudiments incu
bated in any particular sugar. 

OBSERVATIONS 

Nascent photoreceptor outer segments produced in the presence of a closely apposed 
PE elaborated highly organized membranes composed of stacked saccules sclerad to indi
vidual photoreceptor inner segments (Figures I a and I b). A previous study has shown that 
most of the membranes immunolabel with an anti-opsin antibody that is specific for the 
principal rod outer segment in Xenopus laevis [22]. Under control conditions in the absence 
of exogenous sugars and the PE, outer segment membranes are produced, however they are 
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Figure 1. Light and electron micrographs of retinal rudiments removed from stage 33/34 Xenopus embryos 
and placed into culture for 3 days under cyclic lighting conditions. a) and b) are control retinas cultured in the 
presence of the PE. Note the highly organized outer segment membranes composed of flattened stacked 
saccules localized to individual inner segments. c) and d) are control retinas cultured in the absence of the PE. 
Note the highly disorganized outer segments that appear to be membranous whorls seemingly not localized to 
any particular inner segment. IS = inner segment. Scale bars = 1 J.lm in a and c and 0.5 J.lm in band d. (From 
Stiemke et al., Dev. Brain Res. 80:285-289.) 

disorganized and are present as an expansive membranous mat that is neither disc-like nor 
associated with any particular photoreceptor cell(s) (Figures Ic and Id). 

In the absence of the PE, N-acetyllactosamine, N-acetylgalactosamine, lactose, 
galactose, 3'-N -acetylneuramin-Iactose, 6'-N -acetylneuramin-lactose and lactulose when 
added to the culture media had a significant effect on both rod and cone outer segment 
organization compared to control retinas maintained without these sugars (Table 1). Outer 
segments developing in the presence of each of these sugars are composed of arrays of highly 
ordered, flattened membrane saccules that are localized proximal to individual photoreceptor 
inner segments (Figure 2a and 2b). Most outer segments of rods are elongated and cylindri
cally shaped. Cone outer segments are tapered and shorter than their rod counterparts (Figure 
2a). The appearance of both rod and cone outer segments are very similar to those seen in 
Figures 1 a and 1 b in which the retinas were cultured with an apposing PE. With increasing 
dilution, the organizational effect of the permissive sugars appeared to be reduced, with the 
exception of galactose in which retinas had more organized outer segments in lower sugar 
concentrations (Table 1). 

Melibiose, glucose, fucose, N-acetylglucosamine, methyl mannopyranoside, man
nose, mannan, maltose and chitobiose were non-permissive sugars. At all concentrations 
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Table 1. Outer segment organization in the presence of exogenous sugars 

Improvement in outer 

Sugar 
segment organization 

Concentration (mM) relative to control w /o PE 

N-acetyllactosamine 5 +++ 
0.5 +++ 
0.05 + 
0.005 0 

N-acetylgalactosamine 5 ++ 
0.5 +++ 
0.05 ++ 
0.005 0 

Lactose 50 ++ 
20 ++ 

5 +++ 
0.5 ++ 
0.05 ++ 
0.005 0 

Galactose 50 

20 

5 ++ 
0.5 ++ 
0.05 ++ 
0.005 ++ 

3' -N-acetylneuramin-lactose 5 NA 
0.5 ++ 
0.05 ++ 
0.005 0 

6' -N-acetylneuramin-lactose 5 NA 
0.5 ++ 
0.05 ++ 
0.005 0 

Lactulose 5 ++ 
0.5 ++ 
0.05 ++ 
0.005 + 

Melibiose 5 

0.5 + 
0.05 + 
0.005 + 

Glucose 5 + 
0.5 + 
0.05 + 

Fucose 50 0 
20 0 

5 + 

N-acetylglucosamine 50 0 
20 0 

5 0 
0.5 + 
0.05 0 
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Table 1. (Continued) 

Improvement in outer 

Sugar 
segment organization 

Concentration (mM) relative to control w/o PE 

Methyl mannopyranoside 50 0 
20 0 

5 0 

Mannose 50 

20 0 
5 0 

Mannan 50 0 
20 0 

5 0 

Maltose 5 0 
0.5 0 
0.05 0 

Chitobiose 50 

Grading Scale (Improvement in outer segment organization relative to control 
retinas allowed to differentiate without aPE) 
+ + + best organization of outer segment membrane discs; very similar to retinas 

allowed to differentiate in the presence of the PE (See Fig. 2a and 2b) 
+ + very good organization; much more disc stacking than control retinas 

without a PE, yet somewhat less than controls with a PE 
+ slightly more organization of outer segment discs than control retinas 

maintained without a PE; some evidence of disc stacking with substantial 
amounts of whorled membrane 

o same level of organization as control retinas maintained without aPE; 
whorls of outer segment disc membranes with little evidence of organized 
stacking (See Fig. 2c and 2d) 
less organization than control retinas maintained without a PE 

NA data not available. 
From Stiemke et al .. Dev. Brain Res. 80:285-289. 
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tested, these non-permissive sugars had little to no effect on rod outer segment organization 
(Table 1). Illustrated in Figures 2c and 2d are retinas from cultured with 0.5 mM maltose 
and 5 mM methyl mannopyranoside, respectively. The outer segments have been elaborated 
as a membranous mat-like array, virtually identical to those which develop in the absence 
of any added sugar (compare to Figures lc and ld). 

POSSIBLE MECHANISMS 

It is unlikely that this improvement in outer segment disc assembly in the embryonic 
retina is due to an osmotic effect since lactose at concentrations as low as 0.05 mM was able 
to sustain this effect, while other sugars when provided at the same or higher concentrations 
failed to produce a similar effect. Lactose (4-0-p-D-galactopyranosyl-p-D-glucose) is a 
disaccharide containing galactose and glucose. Since glucose did not provide a significant 
permissive organizational effect at any concentration and galactose supported outer segment 
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Figure 2. Light and electron micrographs of retinal rudiments from stage 33/34 Xenopus embryos that had 
been maintained in vitro for 3 days under cyclic lighting conditions: a) retina cultured with 0.5 mM 
N-acetyllactosamine b) retina cultured with 5 mM lactose c) retina cultured with 0.5 mM exogenous maltose, 
and d) retina cultured with 5 mM methyl mannopyranoside. Retinas allowed to develop in the presence of 
N-acetyllactosamine and lactose (a and b, respectively) elaborate outer segment membranes that are composed 
of highly ordered, flattened membrane saccules that were localized to particular photoreceptor cell bodies. 
While those cultured in maltose and methyl mannopyranoside (c and d, respectively) produced membranes 
that are disorganized and are similar in appearance to control retinas that differentiated without a PE. IS :: inner 
segment. Scale bars:: I fim in a and c and 0.5 fim in b andd.(From Stiemke et al., Dev. Brain Res. 80:285-289.) 

organization at even the lowest concentration tested, it is unlikely that the individual 
monosaccharides which comprise lactose function by serving as an energy source. 

Data from several labs, in addition to our own, have indicated that carbohydrates are 
necessary for outer segment formation and organization. The precise mechanism by which 
the carbohydrates are functioning is not known, but it could be through direct interactions 
of sugars and lectins on outer segment membranes or by interactions with the extracellular 
matrix surrounding the membranes. Previous studies have shown that tunicamycin, an 
antibiotic that prevents the formation ofN-linked oligosaccharides during protein glycosy
lation via the lipid intermediate pathway, significantly alters membrane morphogenesis in 
adult Xenopus retinas. Rather than a compact array of stacked outer segment discs being 
formed, the newly synthesized membranes form tubulo-vesicular profiles that appear to 
contain opsin [6, 9, 25). These data suggest that the lack of sugar moieties on glycoproteins 
within the retina may be responsible for the disorganization of outer segment membrane 
saccules. If post-translational trimming of oligosaccharides is inhibited with castanosper
mine, nascent disc morphology is identical to control conditions, suggesting that post-trans
lational removal of oligo saccharides is not essential for normal disc morphogenesis [10). 
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Data from this laboratory indicates that specific mono- and disaccharides when added to the 
culture media in which retinas without an adherent PE are maintained are able to permit 
organization of outer segment membranous discs into a compact and organized array. 

The close apposition of stacked membrane leaflets in an organized outer segment 
suggests that some mechanism for the stabilization oflarge expanses of sheet-like membrane 
domains exists because organized membranes with folds at the disc periphery are at a much 
higher energy state than disorganized vesiculated membranes [24]. Lactose, galactose and 
substituted forms ofthese sugars in some way were able to permit assembly of membranes 
into this high energy state. These observations suggest that an endogenous ~-galactoside 
specific lectin or other lectin-like molecule is present in the developing Xenopus retina and 
that an endogenous carbohydrate ligand may be necessary for the initial stages of normal 
photoreceptor outer segment formation. 

While there is precedence for the existence of carbohydrate binding sites in the retina 
and IPM of the Xenopus, the mechanism by which exogenous permissive sugars are acting 
in the culture system described here is unknown. Several possibilities may be operative: 

1. the sugars may form bridges between lectins localized to the developing outer 
segment membranes, thus permitting apposing membranes to come into proper 
register and organize. 
While it is intellectually appealing to suggest this first hypothesis, there is no 
established or known mechanism by which this could occur, since only mono-va
lent saccharides were used. 

2. the sugars may expose an essential reactive site by binding lectins that were 
inhibiting cross-linking of apposing membranes by interacting with the reactive 
site. 
Rather than bridging lectins on apposing membranes, the exogenous sugars are 
more likely to inhibit binding or cross-linking. This could be possible by the sugars 
binding to a lectin and exposing a reactive site that had previously been masked, 
thus exposing essential reactive sites that are necessary for proper membrane 
organization. 

3. the sugars may bind to an outer segment membrane lectin(s) and induce a 
conformational change of the protein(s) that may be required for proper stability 
of the newly formed membranes via interactions with the outer segment cytoskele
ton. 
The exogenously added sugar may bind to a membrane bound ~-galactoside-spe
cific receptor and induce a conformational change within the receptor that is 
transmitted to the cytoskeletal architecture or some other structural components 
in the outer segment. In the event that the binding site of the receptor is vacant, 
normal assembly of the outer segment into compact, flattened, stacked discs is 
prevented because the proper conformation of structural proteins has not been 
achieved. 

4. the sugars may organize the developing interphotoreceptor matrix (IPM), allow
ing this extracellular matrix to act as a mechanically restrictive microenvironment 
into which outer segment membranes are elaborated, thus indirectly supporting 
normal outer segment organization. 
The IPM may provide a structural template into which outer segment membranes 
are elaborated and within that template the proper physical constraints are pro
vided such that outer segments form membranous saccules of the proper size and 
structure. Previous studies have shown that the PE is required for the assembly 
and organization of the IPM, yet it is not required for the synthesis of the normal 
amount of wheat germ agglutinin (WGA) binding proteins in the developing 
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Xenopus IPM [14]. In the absence of the PE, however, only limited amounts of 
WGA binding sites are present in the immediate vicinity of outer segments during 
their initial formation [15]. Perhaps, the addition of exogenous sugars allows the 
IPM components that are synthesized to become restricted to the photoreceptor 
outer segments which in tum provide structural support for the nascent photore
ceptor outer segment membrane organization. 

Although the mechanism through which the exogenously added permissive sugars 
are acting to support formation of organized, stacked, flattened membranous saccules is 
unknown at this point in time, it is clear that lactose, galactose and substituted forms of these 
sugars are very effective in supporting the normal organization of nascent membranes 
produced by Xenopus photoreceptors in the absence of the PE. We have proposed several 
mechanisms that may be acting in our culture system, each of which will be tested in future 
studies. 
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ABSTRACT 

16 

The retina has assembled oligosaccharide chains on rhodopsin that are unlike those 
found in other asparagine-linked, complex class of glycoproteins in terms of their abridged 
size and limited number of sugars. We have examined the kinetic properties of two 
glycosyltransferases of the retina whose action would be required in order to synthesize 
oligosaccharide chains of rhodopsin which would be similar in structure to those found in 
other molecules of this type. We have examined the kinetics ofN-acetylglucosaminyltrans
ferase II (GlcNAc-transferase II), required for branching, and galactosyltransferase, required 
for extending the oligosaccharide chain. Golgi-enriched preparations from human retina, 
bovine retina and rat liver were used as the enzyme sources and rhodopsin, opsin, and the 
oligosaccharide isolated from rhodopsin used as acceptors. From an evaluation of the 
V maxlKm ratios it was observed that bovine and human retinas have very limited abilities 
compared to the rat liver to carry out the transfer of GlcNAc and galactose to these acceptors. 
In keeping with the presence of a relatively high concentration of galactosylated isomers 
found in human rhodopsin, human retinas had up to 13-fold greater activity of galactosyl
transferase than did bovine retina. It was also apparent that the glycosyltransferases were 
not appreciably influenced by the polypeptide portion of the molecule. A further aspect of 
metabolic regulation was revealed with the observation that galactosylation of rhodopsin 
blocked the addition of GlcNAc and thus prevented branching of the oligosaccharide chain. 
It is suggested that these properties contribute to the assembly of the abridged structures that 
have been observed in the oligosaccharides of rhodopsins of all species thus far examined. 
The identification of the substrates and products of the reactions was carried out by 
chromatographic means. 

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al. 
Plenum Press, New York, 1995 139 
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INTRODUCTION 

The major oligosaccharide chains of bovine (1, 2) , frog (3) and human rhodopsins 
(4), while identical in structure, are unusual when compared to other asparagine-linked 
glycoproteins in terms of their abridged size and lack of branching. This situation must be 
reflected in the activities and properties of the glycosyltransferases of the retina that are 
concerned with their biosynthesis. A key enzymatic step required for branching to occur 
would be the action of GlcNAc-transferase II catalyzing the transfer of a residue of 
N-acetylglucosamine to the terminal unsubstituted mannose residue of the major rhodopsin 
oligosaccharide (5, 6). This could lead to the assembly of multiantennary oligosaccharides, 
structures that are not found on rhodopsin. A key step for chain extension would be via the 
action of galactosyltransferase catalyzing the addition of galactose to the GlcNAc residue 
attached to the a I ,3-linked mannose. These reactions are depicted in Figure I . 

Galactosylation of rhodopsin has been observed in frog (3) and human rhodopsin (4), 
but whether such a modification is present on bovine rhodopsin is in dispute (1, 2, 7). 
Galactosylation could lead to the formation of sialic acid-containing oligosaccharides. That 
the enzymatic machinery is present in the retina for such a process was shown by Kean (8, 
9) who demonstrated the activation of sialic acid in retina nuclei, and by O'Brien and 
Muellenberg (l0) who showed the presence of retinal glycoprotein sialyltransferases. Sialic 
acid-containing isomers have been detected only in trace amounts in human rhodopsin (4), 
have not been seen in bovine rhodopsin (1,2), but have been observed in frog rhodopsin (3). 

In the present studies, the kinetic properties of the glycosyltransferases were exam
ined using Golgi-enriched preparations from human retina, bovine retina and rat liver using 
as acceptors rhodopsin, opsin, and the oligosaccharide isolated from rhodopsin. The V maxlKm 
ratios obtained from these studies provide an index for evaluating the relative efficiencies 
of the retinal enzymes using rat liver as a reference tissue. Other influences on glycosylation 
were examined such as that of the protein portion of the molecule, and the influence of 
galactosylation on the GlcNAc-transferase reaction. An evaluation of the ability of the retina 
to carry out these important glycosyltransferase reactions may aid in understanding the 

GnGn: 

~ 1,2 
GlcNAc - Man ~6 ~ 1,4 ~ 1,4 

~ 1,2 / Man - GlcNAc- GlcNAc - R 
GlcNAc - Man a 1,3 

GlcNAc-transferase II 

Rhodopsin oligosaccharide A + UDP·GlcNAc 

Man ~6 ~ 1,4 ~ 1,4 
~ 1,2 / Man - GlcNAc- GlcNAc-R 

GlcNAc - Man a 1,3 

MG: 
Man ~1.6 ~1,4 ~1 ,4 

R 2 "> Man - GlcNAc - GlcNAc - R 
~14 ,,1, ..c •. 

Gal-' GlcNAc- Man a1,3 

Figure 1. Galactosyltransferase and GlcNAc·transferase II action on the major oligosaccharide of rhodopsin. 
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metabolic environment of the cell that results in the formation of the abridged oligosaccha
rides observed in rhodopsins of all species thus far examined. 

METHODS 

Enzymes 

Golgi-enriched fractions from bovine and human retinas were prepared as described 
previously (11). 

Incubation Conditions for GlcNAc-Transferase Activity 

Bovine Retina Enzyme. Golgi-enriched preparations from bovine retinas, prepared 
as described previously (11, 12), were incubated for 60 min at 37°C in the presence of 0.1 
M Mes buffer, pH 6.5, 0.016% TX-I00, 10 mM ATP, 22 mM MnCh, 2.5 mM 
UDPeH]GlcNAc (2.7 x 107 dpm/f,.lmol) and rhodopsin, opsin or oligosaccharide as acceptors 
in a total volume of 0.04 m!. When using the oligosaccharide as acceptor, the detergent was 
omitted from the incubations. 

Human Retina Enzyme. The same conditions were used as with bovine retina, except 
for the following: 90 min incubations; 7.5 mM MnCh; 1.0 mM ATP. 

Rat Liver Goigi Preparation. Golgi-enriched fractions were prepared from rat liver 
(male, Sprague-Dawley) as described by Morre', Cheetham and Nyquist (13). Incubations 
were carried out for 10 min at 37°C with enzyme, buffer, metal ion, detergent, 10 mM ATP, 
4.0 mM UDPeH]GlcNAc (1.6 x 107 dpm/f,.lmol) and acceptors in a total vol of 0.04 m!. 

Assay for Enzymatic Activity 

High voltage paper electrophoresis in borate buffer (pH 9.4) was carried out as 
described previously (11, 12). 

Oligosaccharide Production and Product Identification 

Oligosaccharides were prepared enzymatically from bovine rhodopsin using peptide
N-glycosidase-F as described previously (14, 15). The oligosaccharides used as acceptors, 
and the oligosaccharide products of the reactions were analyzed by high pH anion exchange 
chromatography (HPAEC) using pulsed amperometric detection (PAD) (Dionex Corp.) and 
scintillation spectrometry of the [3H]-labeled oligosaccharides, as described previously (11, 
12,15,16). The column was calibrated with standard oligosaccharides. 

Incubation Conditions for Galactosyltransferase Activity 

Human Retina Enzyme. Incubations were carried out as described previously (11, 
16). In short, incubations were performed at 37°C for 60 min in the presence of 60 mM 
MOPSO (3-[N-Morpholino]-2-hydroxypropanesulfonic acid), pH 7.3, 2 mM ATP, 12 mM 
MnCh, 0.1% Emulphogene, 0.24 mM UDP-eH]Gal (sp. act., 1.0 - 1.6 X 108 dpm/f,.lmol), 
rhodopsin, opsin, or oligosaccharide, and enzyme (22 f,.lg protein) in a total volume of 0.05 
m!. When using the oligosaccharide as acceptor, ATP was omitted. 
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Bovine Retina Enzyme. Incubations were perfonned for 60 min at 37° C under 
conditions similar to those described previously (16) in the presence of60 rnM MOPSO, pH 
6.3, 3 mM ATP, 9 mM MnCh, 0.1 % Emulphogene, 0.1 mM UDpeH]-Gal (sp. act; 1.62 -
2.3 x 10 8 dpm/Ilmol), enzyme (25 Ilg protein when using rhodopsin or opsin as acceptors, 
and 55 Ilg protein when using oligosaccharide as acceptor). Rhodopsin was present over a 
range from 5.8 11M - 34.8 11M; opsin, from 5.8 11M - 58 11M; the oligosaccharide, from 22.1 
11M - 133 11M. The total volume of the incubation mixtures was 0.05 ml. 

Rat Liver Golgi. The incubations were perfonned for 10 min at 37°C in a manner 
similar to that described previously (11, 16) in the presence of 40 mM cacodylate buffer, pH 
6.6, 18 mM MnCh, 6 mM ATP, 0.016% TX-100, 0.2 mM UDP-eH]Gal (sp. act., 3.2 - 7.8 
x 107 dprnillmol), rhodopsin, opsin, or oligosaccharides, and enzyme (12 Ilg protein) in a 
total volume of 0.05 ml. 

RESULTS 

Kinetic Properties of GlcNAc-Transferases 

Shown in Table I are the results of analyses of the kinetics of the transfer of GlcNAc 
to the various acceptors as catalyzed by the preparations from the human and bovine retinas 
and from rat liver 

The relative efficiencies of the reactions are provided by the V maxlKm ratios. From 
such an analysis, using rhodopsin, opsin, the oligosaccharide as acceptors, the bovine retina 

Table 1. Kinetic properties of GlcNAc-transferases of human and 
bovine retinas and rat liver 

Tissue/substrate 

Bovine Retina 
Rhodopsin 
Opsin 
Oligosaccharide 

Rat liver 
Rhodopsin 
Opsin 
Oligosaccharide 

Human Retina 
Rhodopsin 
Opsin 
Oligosaccharide 

ApparentKm 
(IlM) 

23.7 ± 11 
18.5 ± 7.9 

116±2.1 

49.7 ± 10 
12.7 ± 5.1 

150 ± 83 

Apparent VITIax 

(pmol mg-Imin- I) 

32.2 ± 7.9 
23.9 ± 0.5 

155 ± 13 

1.49 ± 0.36 
1.41 ± 0.58 
1.34 ± 0.13 

6,890 ± 112 142 ± 26 
4,010±525 334±91 

27,000 ± 10,900 190 ± 33 

0.329 ± 0.006' 
0.431 ± 0.023' 
0.357 ± 0.151' 

Two separate kinetic studies were carried out for each determination in which 
the effect on the rate of the reaction of5 to 6 variations in acceptor concentration, 
in duplicate, were performed. Golgi-enriched fractions of each of the tissues 
were used. The apparent kinetic constants were calculated by computerized 
analysis of Lineweaver-Burk plots of the data presented as the average and 
range. 
'Saturation with acceptor could not be achieved. The value of Vma/K", was 
obtained from the slope of the plot of V(pmollmg/min) versus S (IlM), 
assuming that [S] is much less than K,n. 
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Table 2. Kinetic properties of the galactosyltransferases of human and 
bovine retinas and rat liver 

Apparent Km Apparent V max 
Tissue/acceptor (/-1M) (mg-1min- l ) Vma.lKm 

Human retina 
Rhodopsin 20.7 ± 6.0 42.2 ± 18 1.95 ± 0.31 
Opsin 10.9 ± 1.7 74.0 ± 22 6.65 ± 0.95 
Oligosaccharide 544 ± 35 186 ± 9.0 0.335 ± 0.005 

Rat liver 
Rhodopsin 32.5 ± 0.50 1,180 ± 145 36.2 ± 3.9 
Opsin 20.5 ± 5.6 2,840 ± 138 148 ± 34 
Oligosaccharide 2,320 ± 270 12,400 ± 1 ,240 5.37 ± 0.09 

Bovine retina 
Rhodopsin 26.0 ± 6.1 5.68 ± 1.6 0.216 ± 0.011 
Opsin 37.9 ± l.l 18.9 ± 2.1 0.497 ± 0.041 
Oligosaccharide 161 ± 28 18.2±0.15 0.117 ± 0.022 

The kinetic data were collected and presented in the same manner as 
described in Table 1. 
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preparations were shown to be 100 to 200 fold less active than rat liver, and human retina 
400 to 800 fold less active. The major factor influencing these evaluations was the relatively 
low apparent V max values of reactions with the retina enzymes (12). 

Kinetic Properties of the Galactosyltransferases 

In Table II is a summary of kinetic data of the galactosyltransferase reactions by 
preparations of human and bovine retina and from rat liver (16). 

From an analysis of the V maJKm ratios, as with the GleN Ac-transferase described 
above, the galactosyltransferases of human retina using rhodopsin, opsin or the oligosac
charide isolated from rhodopsin as acceptors were about 20-fold less active than those 
of rat liver Golgi. Bovine retina was even less active compared to rat liver using these 
acceptors. Thus, not only was low galactosyltransferase activity displayed by the retina, 
consistent with previous studies (11), but a difference in this response was seen between 
bovine and human retinas. The human retina exhibited from 3 fold to 13-fold greater 
galactosyl transferase activities toward rhodopsin, opsin, and the oligosaccharide, than 
the bovine retina enzyme. 

Lack of Influence of the Polypeptide Matrix on the Glycosyltransferases 

The possibility was examined that the low GleNAc-transferase and galactosyltrans
ferase activities of the retina reflected a directing influence of the protein matrix of the 
acceptor molecules on glycosylation as has been demonstrated previously( 17, 18). Such an 
effect was not demonstrated in the present studies. As seen in Tables I and II, the V maJKm 
ratios of the GlcNAc-transferases and galactosyltransferases using the isolated oligosaccha
ride as acceptor were similar to or lower than those obtained with intact rhodopsin or opsin. 
Thus, removal of the protein from the visual pigment did not result in an enhanced catalytic 
efficiency of the retina or liver enzymes in glycosylating the oligosaccharide, i.e., the limited 
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ability of the holo-visual pigment to act as an acceptor of galactose was not due to a major 
directing influence of the peptide backbone. 

The conformation of the molecule did appear to influence glycosylation since 
opsin was a better acceptor of galactose than rhodopsin using bovine and human retina 
as well as rat liver. This effect was not so evident concerning the activity of GlcNAc
transferase. 

Relationship between Galactosyltransferase and GIcNAc-Transferase 
Activities 

Among several control mechanisms that have been described for glycoprotein 
biosynthesis, Bendiak and Schachter (6) demonstrated a relationship between galactosy
lation and GlcNAc addition whereby the addition of a residue of galactose inhibits the 
activity of GlcNAc-transferase II. This mechanism was also detected concerning the 
glycosylation of rhodopsin (12). As seen in Table III, galactosylated rhodopsin, either 
generated in situ, or added exogenously, extensively blocked the subsequent transfer of 
GlcNAc to rhodopsin. 

Product Identification 

The major oligosaccharide cleaved from rhodopsin/opsin (oligosaccharide A) 
served as an acceptor in GlcNAc-transferase and galactosyltransferase experiments as 
described above. The products of these reactions were separated by HPAEC-PAD. Shown 
in Fig. 2 is the pattern obtained after transfer of galactose to the oligosaccharide catalyzed 
by the Golgi-enriched fraction from human retina. A single peak of labeled material was 
seen having the elution properties expected for that of oligosaccharide MG (Fig. 2B). 
The products fomed after incubations carried out in the presence of UDP[3H]GlcNAc 
was identified as GnGn (see Figure 1 for structure) (data not shown). Similar results were 

Table 3. Table III. Inhibition ofG1cNAc-transferase by galactosylation of rhodopsin: Relative 
GlcNAc-transferase activity 

Bovine retina 

Acceptor % of control %inhib. 

Rhodopsin (control) 100 
Galactosylated rhodopsin 32 68 
Oligosaccharide (control) 
Galactosylated oligosaccharide 

Enzyme source 

Rat liver 

% of control %inhib. 

100-
3.1- 96 .9-

Partially purified 
GlcNAc-transferase II 

% of control %inhib. 

100 
5.1 94.9 

100 
0.2 99.8 

Rhodopsin, or the oligosaccharide isolated from rhodopsin, was pre incubated for 60 min at 37°C with a milk 
galactosyltransferase system (Ju and Kean (11» containing non-radioactive UDP-galactose (2.6 roM), thus 
forming galactosylated rhodopsin in situ. Controls did not contain UDP-galactose. In a second stage 
incubation, either a Golgi-enriched fraction from retina or a partially purified GlcNAc-transferase II from rat 
liver was added as indicated, plus [3H] UDP-GlcNAc ( 2-3 roM, 0.6 - 1.5 x 107 dpml/!mol, and the incubation 
continued for an additional 60 min. -In addition to generating galactosylated product in situ, galactosylated 
rhodopsin synthesized enzymatically (II) was incubated in the presence of the GlcNAc-transferase system 
and the rat liver Golgi preparation, as above. The incorporation of GlcNAc into the acceptor was measured 
by borate electrophoresis as described in Methods 
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Figure 2. Oligosaccharide analysis by HPAEC-PAD of the galactosylated products formed after incubating 
with a Golgi-enriched fraction from human retina. The oligosaccharide recovered after digesting rhodopsin 
with PNGase-F was incubated with the retina enzyme,UDpeH]galactose and the products recovered as 
described in Methods and Materials and analyzed by HPAEC-PAD. (A) HPAEC-PAD elution pattern from the 
column which contained ribose (0.5 nmol) and Man9GlcNAc2 (0.21 nmol) as internal standards and calibrated 
also with MM and MG. (B) radioactivity of the fractions from the PAD cell. The abbreviations refer to the 
following compounds: 
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obtained with the other enzyme preparations and acceptors used in these studies (data 
not shown). 

DISCUSSION 

The findings of mutations in the rhodopsin gene, some at the glycosylation sites 
(21), in patients with retinitis pigmentosa have highlighted the importance of under
standing the chemistry and biochemistry of the glycosylation of rhodopsin. We have 
examined two key enzymatic reactions that could regulate branching and extension of 
the oligosaccharide chains of this molecule. When compared to rat liver the kinetic studies 
revealed the very low efficiency of GlcNAc-transferase II of the retina, a key reaction 
required for oligosaccharide branching. Likewise, the capacity for chain extension by the 
addition of galactose to the major oligosaccharide was also shown to be greatly limited 
in the retina. Previously (11), low galactosyltransferase activity of bovine retina was 
shown also using other acceptors such as ovalbumin and GlcNAc, where less than 0.7% 
activity as compared to rat liver was detected. An additional aspect of metabolic regulation 
of the glycosylation of rhodopsin was revealed with the observation that galactosylated 
rhodopsin is a potent inhibitor of GlcNAc-transferase II, thus blocking branching. The 
transient galactosylation of rhodopsin described by Smith, et al (19) might exert such an 
effect. An influence of the peptide backbone on glycosylation was not indicated by these 
studies since use of the oligosaccharide as acceptor did not bring about enhanced 
Vmax/Km ratios. An effect due to the conformation of the visual pigment, however, was 
revealed in the galactosyltransferase reactions with greater activity obtained with opsin 
as compared to rhodopsin. This was not oserved with GlcNAc-transferase. These rela
tionships may contribute to the virtual inability of human and bovine retina to assemble 
branched, sialylated oligosaccharides on rhodopsin (1,2,4). 

How closely these studies showing properties detected in Golgi-enriched fractions 
of whole retina reflect processes in the photoreceptor cell is not clear. Unlike bovine 
rhodopsin in which little if any galactosylated species are present, about 18% of the 
oligosaccharide chains of human rhodopsin are galactosylated (4). The correspondence of 
this relationship with the much greater efficiency of the human enzyme compared to bovine 
retina suggests that the observations made with Golgi-enriched preparations from the whole 
retina might also reflect the enzymatic environment of the photoreceptor cell. However, other 
considerations in addition to the kinetics of the reactions must play important roles in 
regulating the metabolism of the photoreceptor cell such that the unique structure of the 
rhodopsin oligosaccharide is assembled. This clearly must be the case since the photorecep
tor cell synthesizes other glycoproteins, such as the interphotoreceptor binding protein 
(IRBP), whose structure (20) indicates the participation of galactosyltransferase and 
GlcNAc-transferase II. Differences in compartmentalization of the water soluble IRBP 
molecule and the hydrophobic, membrane-bound visual pigment could influence the avail
ability and accessibility of the various substrates and cofactors. These relationships in 
addition to the relatively limited activity of galactosyltransferase and GlcNAc-transferase II 
toward rhodopsin/opsin shown by the present studies, could contribute to the differences in 
oligosaccharide structures assembled on the glycoproteins of the photoreceptor cell. 
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ABSTRACT 

17 

Retinal pigment epithelium (RPE) cells from the embryonic chick, maintained in 
culture, were incubated in the presence of [2-3H]-mannose and the oligosaccharide-lipids 
isolated and analyzed. After mild acid hydrolysis and reduction with NaBH4' the oligosac
charide pattern was examined by HPLC. The full array of intermediates of the dolichol 
pathway was observed with the glucose-containing species, GiCI, Glc2 and 
Glc3Man9GlcNAcz-P-P-dolichol, being the major oligosaccharide-lipids detected. Addi
tional evidence supporting the formation of glucose-containing oligosaccharide-lipids by 
the RPE was obtained when analyzed by high pH anion exchange chromatography, compar
ing the products synthesized by the RPE with those formed by Madin-Darby canine kidney 
cells. 

INTRODUCTION 

In the recent period a great deal of attention has been directed to the importance of 
glycoconjugates in normal tissue and in disease states. There is, however, little information 
available concerning glycoprotein biosynthesis by the cells ofthe retinal pigment epithelium 
(RPE), the cell layer which engages in many important functions with the neural retina. 
Research from a variety of laboratories over the past 25 years has demonstrated that the 
biosynthesis of the core region of the oligosaccharide chains of asparagine-linked glycopro
teins proceeds by a series of reactions known as the dolichol pathway (see review, (I)). This 
process involves the participation of some 16 separate enzymatic reactions that lead to the 
formation of Glc3Man9GlcNAcz-P-P-dolichol, the activated oligosaccharide-lipid which 
transfers its oligosaccharide to asparagine residues on nascent, developing, glycoprotein 
chains. We have previously examined the capacity of the retina to carry out the synthesis of 
the various intermediates of the pathway (2), and studies on control mechanisms of its initial 
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reactions (3-6). As an extension of these investigations, the formation of the various 
oligosaccharide-lipid intermediates of the dolichol pathway by RPE cells from the embry
onic chick maintained in cell culture has also been examined. 

MATERIALS AND METHODS 

Cell Culture; Labeling 

RPE cells of the embryonic chick were maintained in cell culture as described 
previously (7). RPE cells from the embryonic chick were grown in 150 cm2 plastic Coming 
culture flasks until confluent. After removal of the media, the monolayer of cells was rinsed 
with Dulbecco's phosphate buffered saline without metals (DPBS} A solution of [2-3H]
mannose (12.5 j.lCi/ml, 28 Ci/mmol) in 10 ml DPBS- was added to the cells and incubated 
at 37° C for I hr. with gentle shaking, after which the medium was removed and the cells 
rinsed with 10 ml DPBS-. The cells were scraped from the flask and transferred to a glass 
centrifuge tube, aided with DPBS-to a total volume of2 ml from which the oligosaccharide
lipids were isolated as follows. 

Oligosaccharide-Lipid Isolation 

The oligosaccharide-lipid fraction was isolated essentially as described by D'Souza 
et al (8). In short, this involved the following procedures. A solution of 4 ml of chloro
form:methanol (C/M) I: 1 v/v) was added to the cell suspension and the mixture vortexed 
vigorously. After centrifuging at 250 x g for 5 min, the upper phase and the particulate 
interface which was formed were retained, and the lower phase discarded. The upper phase 
and interface pool was extracted with 2 ml chloroform after which 4 ml of methanol was 
added. After centrifugation, the resultant pellet was washed with 50% methanol followed by 
methanol. The oligosaccharide lipid fraction was obtained by extracting the pellet with a 
mixture of C/M/water (10: 1 0:3, v/v/v). 

Oligosaccharide-Lipid Analysis by HPLC 

After evaporating an aliquot of the 10: 1 0:3 extract to dryness, the material was 
subjected to mild acid hydrolysis (0.2 ml n-propanol, 0.4 ml 0.02 N HCI, 100° C, 20 min), 
reduction with NaBH4' followed by ion exchange chromatography as described previously 
(2). The product was dissolved in acetonitrile-water (1: 1, v/v) and analyzed by HPLC on a 
Varian model 5000 liquid chromatograph using a column of Absorbosphere silica (3 j.lm, 
0.46 cm x 15 cm; Alltech, Avondale, PA) as described previously (2). Elution was carried 
out with a gradient using acetonitrile (solvent A) and 10% acetonitrile in water (solvent B) 
between a mixture of 63 A and 37 B and a mixture of 42 A and 58B, each containing also 
0.05% diaminobutane, for a total elution time of 100 min, at a flow rate of 1 mllmin. 

Oligosaccharide-Lipid Analysis by Dionex Chromatography 

After mild acid hydrolysis as above, the liberated [3H]-oligosaccharides were also 
analyzed by high pH anion exchange chromatography (HPAEC) on a CarboPac PA-I anion 
exchange column (4 mm x 250 mm) (Dionex Corp., Sunnyvale, CA). After equilibrating the 
column with a mixture of 99 parts of O.IM NaOH and 1 part of 0.5 M NaOAc in 0.1 M 
NaOH, the sample (20 j.ll in water) was injected. Elution was carried out using a linear 
gradient from I % to 15% of 0.5 M NaOAc in 0.1 M NaOH at a flow rate of I mllmin for 
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40 min. This was followed by a linear gradient from 15% to 20% of 0.5 M NaOAc in 0.1 M 
NaOH for 10 min. The radioactivity of the fractions was measured by scintillation spec
trometry. The analyses were performed in the presence of ribose and the oligosaccharide, 
Man9GlcNAc2' as internal standards. In addition, the column was calibrated with the major 
oligosaccharide isolated from bovine rhodopsin (oligosaccharide A). This material was 
obtained after incubating rhodopsin with peptide N-glycosidase, as described previously (9). 
The elution of the standards was followed by pulsed amperometric detection (PAD), as 
described previously (9). The structures of the various standards are shown in the legends 
to the figures. 

MDCK Cell Incubation 

The major oligosaccharide-lipid formed by Madin-Darby canine kidney (MDCK) 
cells is Glc3Man9GlcNAcTP-P-dolichol (8, 10). MDCK cells were therefore used as a source 
of this compound to aid in exploring for the production of the glucose-containing oligosac
charide-lipids by the RPE cell. MDCK cells were obtained from the American Type Culture 
Collection (Rockville, MD) and grown in Dulbecco's Modified Eagles Medium containing 
high glucose (4,500 mg/I) and L-glutamine (Gibco ), 10% fetal bovine serum (Hyclone), and 
penicillin (l00 units/ml) and streptomycin (100 Ilg/ml). Large-scale growths of the cells 
were made, and after removing the growth medium and washing the cells with DPBS·, the 
cells were incubated with [2-3H]-mannose in the same manner as described in Methods for 
the production of 3H-Iabeled intermediates of the dolichol pathway by the RPE cells. The 
MDCK cells were quite stable for several hours in this environment as were the RPE cells. 
The oligosaccharide-lipid fraction was isolated and the oligosaccharides examined by 
HPAEC in the same manner as described above. 

RESULTS 

HPLC analysis of the Oligosaccharides 

Shown in Fig. 1 is the elution pattern obtained by HPLC on the Varian liquid 
chromatograph of the oligosaccharides liberated from the C/MIW 10: 1 0:3 oligosaccharide
lipid fraction which was formed after incubating the RPE cells as described above. 

As seen here, many of the oligosaccharide-lipids of the dolichol pathway observed 
in other systems were detected in the RPE after labeling with [3H]mannose. The predominant 
types were the glucose-containing oligosaccharide-lipid intermediates. Calibration of the 
HPLC column was based upon the elution pattern of standard oligosaccharides as described 
previously (2), and the the elution pattern of the oligosaccharide-lipids synthesized by Thy-I 
cells (II). A preliminary account of some of the early observations concerning this effect 
has been made previously (2). 

MDCKCells 

Additional evidence was obtained concerning the formation of the glucose-con
taining oligosaccharide-lipids by the RPE cells by carrying out the analysis using the 
Dionex chromatograph. The compound, [3H]Glc3Man9GlcNAc2-P-P-dolichol, has been 
shown to be the major oligosaccharide-lipid formed by MDCK cells under these incubation 
conditions (8, 10). The products formed by the MDCK cells were therefore used as a 
reference source. 
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Figure 1. HPLC separation of the oligosaccharides derived from the oligosaccharide-lipids synthesized by the 
RPE of the embryonic chick. RPE cells were incubated with 2-eHJmannose and the oligosaccharides were 
analyzed on the Varian liquid chromatograph as described in Materials and Methods. The radioactivity of 1.0 
ml fractions was determined by scintillation spectrometry in the presence of 4 ml of EcoLume (lCN, Costa 
Mesa, CA) is indicated on the ordinate. The following abbreviations refer to the elution positions of standard 
oligosaccharides: G3, G2 and Gl, GlcnMan9GlcNAc2; MI-9, MannGlcNAc2' (See legend to Figure 2 for 
structures. ) 

The analyses shown in Fig. 2 clearly demonstrate the similarity of the major 
components from the MDCK cells and the RPE cells, i.e., the glucose-containing oligosac
charide-lipids (8, 9). However, resolution by this technique of the three glucose-containing 
intermediates from one another was not obtained. 

CONCLUDING REMARKS 

Similar to most other cell types which have been examined, the present studies 
demonstrated that the major intermediates of the dolichol pathway which are formed by the 
RPE of the embryonic chick are the glucose-containing oligosaccharide-lipids. This is in 
contrast to the non-glucosylated species, Man9GlcNAcrP-P-dolichol, which was shown to 
be accumulated by the bovine retina (2). In addition to the synthesis of the many intermedi
ates of the dolichol pathway demonstrated by the present work, several aspects of metabolic 
regulation of the dolichol pathway which have been shown by the retina and other tissues 
(3-6) have also detected in cell-free preparations from the RPE (Kean, unpublished experi
ments). These observations all indicate that an active capacity for glycoprotein biosynthesis 
exists in the RPE, an aspect of the metabolism of this tissue which thus far has been only 
limitedly explored. 
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Figure 2. Analysis by HPAEC of the oligosaccharides derived from oligosaccharide-lipids synthesized by 
embryonic chick RPE cells and MDCK cells. MDCK cells and RPE cells were incubated with 2-eHJ mannose 
and the oligosaccharides analyzed on a Dionex liquid chromatograph (Sunnyvale, CA), as described in 
Methods and Materials. The radioactivity of the fractions, 0.5 ml, collected at a flow rate of 1.0 mllmin was 
determined in the presence of 3 ml of EcoLume. The samples were analyzed in the presence of internal 
standards, ribose (0.7 nmol) and Man9GlcNAc2 (0.16 nmol). The retention time of the standards and of 
oligosaccharide A from bovine rhodopsin was determined by pulsed amperometric detection. The following 
are the structures of the standard oligosaccharides and of Glc)Man9GlcNAcz: 
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INTRODUCTION 

The vitiligo mouse has been studied since the mid 1980's for the depigmentary condition 
of its skin and fur. As such, it is a promising model for the human skin disease vitiligo (1). Vitiligo 
may occur in isolation or in combination with other disorders, including retinal degeneration 
(Vogt-Koyanagi-Harada syndrome) (2). In 1988, Dr. Richard Sidman and co-workers provided a 
preliminary report in Mouse News Letter that the vitiligo mouse had a slow progressive retinal 
degeneration (3). We obtained breeding pairs from Dr. Sidman and set out to characterize the 
retinal degeneration in this mouse and to determine the etiology of the disease with the hope of 
eventually designing strategies to treat the disorder. This chapter will review our findings about the 
morphologic, electrophysiologic and biochemical characteristics of this mutant with particular 
emphasis on promising results from studies of retinoid metabolism. 

MORPHOLOGICAL AND ELECTROPHYSIOLOGICAL 
CHARACTERIZA TION OF PHOTORECEPTOR CELLS AND RPE 

The first full-length study of the retinal degeneration in the vitiligo mouse established 
the rate of photoreceptor cell (PRC) loss and quantified rhodopsin levels between the ages 
2 and 52 weeks (4). Rows of PRCs are lost at a rate of about one per month in the posterior 
retina beginning at 8 weeks postnatally. Outer segments in this region become disrupted 
rather early in the disease and macrophage-like cells are present in the subretinal space. The 
neural retina is frequently separated from the RPE. Subsequent studies revealed a marked 
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Figure 1. Photomicrograph of posterior region of retina of8 month vitiligo mouse. Although the ganglion cell 
layer (GeL), inner plexiform layer (lPL) and the inner nuclear layer (INL) appear normal, the photoreceptor 
cells in the outer nuclear layer (ONL) are reduced to about 2-3 rows. Arrow heads point to displaced cells, 
presumably photoreceptor cell nuclei. Inner segments (IS) are present, but the outer segments severely 
fragmented (indented arrow). The retinal pigment epithelium (RPE) is lightly pigmented (thin arrows point to 
areas ofRPE with minimal pigmentation). Magnification = 630X. 

gradient in cellular loss between the posterior and peripheral regions with PRe loss occurring 
at a much slower rate in the peripheral retina (5). Even as late as 17 months, vitiligo mice 
have multiple rows of PRCs in the periphery which have well-formed outer segments that 
interdigitate with the retinal pigment epithelium (RPE). Although there is a definite gradient 
of degeneration along the posterior-peripheral axis, there appears to be no preferential loss 
of cells in the superior quadrant versus the inferior quadrant (14 month old animals had 4.03 
± 0.86 rows in superior quadrant, 4.51 ± 1.24 in inferior quadrant). 

In addition to changes in PRes, there are obvious differences in pigmentation ofRPE 
cells between vitiligo and C57BLl6 controls. The pigmentation is uneven; some cells are 
completely devoid of pigment while adjacent cells are slightly or heavily pigmented (6,7). 
There appears to be no correlation between RPE pigmentation and PRe loss (4, 1. Nir, 
unpublished observations). Figure 1 is a photomicrograph showing the reduced number of 
PRCs and sparse pigmentation of RPE in the posterior retina of an 8 month vitiligo mouse. 

Electrophysiologic studies confirmed the slow-progressive nature of the degenera
tion (8). Scotopic ERGs indicated that at 4 weeks the mean of the maximum b-wave 
amplitude was about 23011 V which was similar to controls. With increasing age, all compo
nents of the ERG decreased, by 18 weeks the mean V max was 751lY. The gradual decrease in 
b-wave amplitude correlates highly with the loss of photoreceptor cells and rhodopsin. 

FUNCTIONAL STUDIES OF RPE AND PHOTORECEPTOR CELLS 

The primary cellular site of the retinal degeneration in the vitiligo mouse is not 
known, but the two likely cells are the PRe and the RPE. It is well established that these 
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two cells function cooperatively in maintaining retinal homeostasis. With that in mind, we 
have designed experiments to test specific PRC or RPE functions in this mutant. 

Phagocytosis Studies 

Phagocytosis of shed outer segment disks by the RPE occurs in the vitiligo mutant 
(9). There is a measurable peak of phagocytosis that appears during the first two hours of 
light onset. The number of phagosomes in vitiligo mice is less than controls. Even as early 
as 4 weeks, the number is about 50% the number in controls. Between 4 and 8 weeks the 
number of phagosomes is reduced markedly in vitiligo mice to about 16% that of controls; 
between 8 and 20 weeks the number of phagosomes does not diminish. The observation that 
phagosomes are present is significant because it distinguishes the vitiligo mouse retinal 
degeneration from the retinal dystrophy of the RCS rat, the hallmark of which is virtual 
absence of phagocytosis of shed outer segment discs by RPE (10). 

Rod Outer Segment Renewal 

The process of outer segment renewal has been analyzed autoradiographically and 
biochemically in the vitiligo mouse (11). Within 24 hours of intraperitoneal injection of 3H 
leucine, there is a distinct band of radioactivity present at the junction of the ROS and RIS 
in mutant mice that is similar to controls. The displacement of the radioactive band 
progresses normally in the peripheral regions of the vitiligo retina, but not in the posterior 
retina. Assessment of incorporation of radioactivity into rhodopsin using SDS-PAGE indi
cates a progressive displacement of radio-labeled rhodopsin through the RER, but not as 
complete a progression through the outer segments. The disrupted attachment of outer 
segments to the RPE may be the source of abnormal outer segment renewal in the posterior 
region. 

STUDIES OF THE VISUAL CYCLE AND RETINOID METABOLISM 

The results of the phagocytosis/renewal studies suggested that neither PRC nor RPE 
were functioning entirely normally in the vitiligo mutant. Hence it became necessary to 
examine a second biological function to further elucidate which cell might be the initial site 
of malfunction. Both cells are known to function cooperatively in maintaining the visual 
cycle (shown in Fig. 2). We have designed several experiments to determine if any portion 
of this cycle is altered in the vitiligo mutant. 

Rhodopsin, Opsin and Dark-Rearing 

Rhodopsin levels were quantified in vitiligo mice over the course of the degeneration. 
The level diminishes with time in a manner that correlates with the loss of PRCs (4). The 
capacity of isolated mutant retinas to synthesize opsin, the apoprotein of rhodopsin was 
determined using in vitro techniques (12). The isolated retinas are able to synthesize this 
protein for a surprisingly long period of time. Even as late as one year, mutant retinas 
synthesized about 20% the amount of opsin as controls. This data suggests that vitiligo PRCs 
that remain in the periphery have the capacity to synthesize this important protein. In a 
subsequent study, an attempt was made to interrupt the visual cycle (by eliminating light) in 
the vitiligo mouse and evaluating the consequences on the rate ofPRC degeneration (13). A 
group of mutant mice were reared in darkness for periods of time up to 28 weeks and eyes 
were examined histologically. The rate ofPRC loss did not differ significantly from the rate 
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Figure 2. Visual cycle and vitamin A (retinoid) metabolism in the retina. The photoreceptor cell synthesizes 
opsin which uses jj-cis-retinaldehyde in regeneration of rhodopsin. Following photolysis (hv), there is a cis 
to trans isomerization and the all-trans-RAL is released. In the photoreceptor cell it is converted to all-trans
retinol and in the presence of IRBP is returned to the RPE. The membranolytic all-trans-retinol is converted 
in the presence of the enzyme LRAT to the less toxic retinyl ester. In the presence of an isomerase and 
subsequently a dehydrogenase, the retinyl ester can be converted back to the Il-cis-RAL which, again in 
company with IRBP, is returned to photoreceptor cells for rhodopsin regeneration. Two forms of vitamin A are 
elevated in the vitiligo mouse RPE: all-trans-retinol and retinyl palmitate. 

determined for vitiligo animals reared in a standard light cycle. Furthermore, retinal detach
ment from RPE, the displacement of darkly-staining cells into the subretinal space and the 
influx of macrophage-like cells in the area of the ROS were still present in vitiligo mice 
reared in darkness. The findings suggest that light deprivation neither retards nor accelerates 
degeneration of the vitiligo retina. 

RETINOID METABOLISM 

The studies of rhodopsin and opsin did not reveal a specific cellular defect in the 
vitiligo mouse, however rhodopsin regeneration is known to require a steady source of 
vitamin A. The metabolism of vitamin A was examined in whole eyes and then in neural 
retina separated from the RPE in order to determine ifthere were any metabolic abnormalities 
in either of these cells (14). 

Levels of Retinoids in Whole Eyes 

Retinoid levels in whole eyes were determined by HPLC. Of the various forms of 
vitamin A shown in Fig. 2, only the level of retinyl palmitate (a retinyl ester) differed between 
vitiligo and control mice. Figure 3 illustrates the differences. Although levels were similar 
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at two weeks, by 4 weeks retinyl palmitate levels were greater than controls, they increased 
sharply at 6 weeks and by 10 weeks levels were more than three-fold greater than controls. 

Analysis of Retinoids in RPE and Neural Retina Separately 

In the normal eye, retinyl palmitate is present primarily in the RPE. In order to 
determine whether retinyl palmitate was accumulating in the RPE or in the neural retina in 
the eyes of affected mice, these tissues were dissected free from each other. The HPLC 
analysis of retinoids in these two tissues revealed that retinyl palmitate was accumulating in 
the RPE, rather than the neural retina (Table I). The levels in affected mice were three fold 
greater than in controls, Retinyl palmitate levels in the neural retinas did not differ signifi
cantly between the two groups. Surprisingly, the analysis of retinoids in the two tissues 
separately unmasked the elevation of another retinoid, all-trans-retinol (Table I). In RPE, 
levels of all-trans-retinol were 4 times greater in the affected animals versus controls. In 
neural retina, levels of all-trans-retinol were similar between the two groups. 

IRBP 

The elevation of retinyl palmitate levels in the vitiligo eye precedes the onset of 
photoreceptor cell loss. Retinyl palmitate is the primary storage form of vitamin A in the retina. 
Retinyl esterification is considered a detoxifying reaction because it converts retinol, which is 
known to be membranolytic, into an insoluble relatively non-toxic form (15). One possible 
explanation for the accumulation of retinyl palmitate is that is a compensatory reaction to an 
excess amount of all-trans-retinol. All-trans-retinol is a potentially toxic compound. Long-term 
exposure to membranes could result in a lytic episode that could severely compromise retinal 
integrity. The vitiligo retina may be shuttling the more toxic compound toward the storage form, 

Table 1. Retinyl palmitate and all-trans retinol concentrations in RPE and 
neural retina of vitiligo and control mice 

Tissue 

RPE 
Neural retina 

Retinyl palmitate (nmol/g) All-trans-Retinol (nmol/g) 

C57BLl6 Vitiligo C57BLl6 

0.118 ± 0.007 0.386 ± 0.070* 0.023 ± 0.012 
0.014 ± 0.004 0.015 ± 0.003 0.054 ± 0.010 

Vitiligo 

0.091 ± 0.005* 
0.048 ± 0.017 
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retinyl palmitate, to decrease the membranolytic consequences of excessive amounts of the 
all-trans-retinol. The observation that the all-trans-retinollevel was elevated led to experiments 
to assess levels of the interphotoreceptor retinoid-binding protein, IRBP, which would bind 
excess retinol in the interphotoreceptor space. 

Analysis of IRBP and IRBP mRNA 

IRBP levels were determined using the slot-blot analysis technique and data are 
presented in Fig. 4. Levels oflRBP in control mice ranged between 0.5-1.5J..lg/mg protein. 
Levels in affected mice were similar to controls between postnatal day 3 and 4 weeks, but 
after 4 weeks the IRBP levels increased abruptly and remained elevated through about 12-14 
weeks, although the IRBP levels had returned to the control values by 16 weeks. The abrupt 
elevation ofIRBP just after 4 weeks prompted a second set of experiments to examine IRBP 
levels at each day between 4 and 5 weeks. There was a steady increase in IRBP levels between 
4.0 weeks (1.6J..lg IRBP/mg protein) and the peak at 4.4 weeks when IRBP levels were 
4J..lg/mg protein in vitiligo mice, a value that was 68% greater than controls (1.31 J..lg IRBP/mg 
protein). Western blotting oflRBP from normal and vitiligo mouse eyes showed no alteration 
in the size of the protein in the mutant mouse (14). 

The marked elevation of IRBP at 4 weeks coincides with the elevation of retinyl 
palmitate levels in the retina of the affected animal. Interestingly, the IRBP levels remain 
high for an extended period of time and return to normal levels only by 16 weeks, a time 
when the number of rows of photoreceptor cell nuclei is reduced by about 50%. This is 
intriguing because the photoreceptor cell synthesizes IRBP and a decrease in cell number 
would be expected to result in a decrease in protein synthesis, not the retention of normal 
levels. One possible explanation for such an elevation could be increased protein synthetic 
rates. Quantitation ofIRBP mRNA using the RT-PCR analysis indicated that the amount of 
IRBP mRNA in affected animals is not significantly different from that of controls (14). 
Northern blot analysis also showed that the size and the amount of IRBP mRNA in 8 week 
old vitiligo mice are identical to that of controls. These data suggest that an increased 
expression ofIRBP mRNA is not the cause of the increased amount of protein. Perhaps, the 
elevation of IRBP is the result of a profound decrease in turnover of the protein. 

Figure 4. IRBP levels in eyes of vitiligo and control mice. Each point represents the mean ± S.D. oftwo-four 
assays. In each assay, two eyes were homogenized in 300~1 of Tris-buffered saline, ultracentrifuged at 100,000 
g (35000 rev.!min at 4°C, 1 hr). The supernatant was analyzed for total protein using slot-blot analysis in which 
samples were applied in triplicate to Immobilon poly(vinylidene fluoride) membrane. The primary antibody 
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was a 1: 150 dilution of goat anti-(bovine 
IRBP) incubated 4°C overnight, and the 
secondary antibody was affinity-purified 
horseradish peroxidase conjugated rab
bit anti-goat IgG (H+L) (Kirkegaard
Perry). Purified bovine IRBPwas used as 
the standard at 1-75ng concentration. 
Quantification was accomplished using 
an LKB ultrascan XL laser densitometer 
and 2400 gel scan software package. 
ANOVA indicated that between 4 and 16 
weeks of age, IRBP levels differed sig
nificantly from controls (F = 26.83, P = 
0.0003). (From Smith et ai, 1994, with 
permission Portland Press, Ltd., Lon
don.) 
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SYSTEMIC STUDIES 

It is well known that free retinol is taken up by intestinal cells, reesterified to a 
palmitate, incorporated into the chylomicra of the mucosa and transported to the liver 
through lymph (16). Vitamin A is transported to the RPE via plasma. Given that an alteration 
in the retinoid metabolism in the RPE of the vitiligo mouse was observed, it was necessary 
to determine if this represented a systemic effect as well. 

Analysis of Retinoids in Liver and Plasma 

Using HPLC analysis, retinoid levels were determined in liver and plasma of affected 
and control animals at 6 weeks of age, a time when there was a significant elevation of 
retinoid concentration in the eye (14). The mean liver total vitamin A levels in vitiligo mice 
were approximately 1.7 times greater than and differed significantly from controls. In 6 week 
mutant mice, the level of vitamin A was 477.43 nmol/g ± 63.5 (n = 6), whereas in controls 
it was only 279.1 nmollg ± 104.55 (n = 6). Analysis of esterified vs. unesterified retinoids 
showed that the elevation was in retinyl palmitate levels. Unlike the RPE, there was no 
elevation of retinol concentration. 

In the vitiligo mouse plasma, the level of retinol averaged 1.04 /lmollL ± 0.10 (n = 
4) and in controls, the levels averaged 1.18/lmoIlL ± 0.17 (n = 4). These values did not differ 
significantly. Other studies have shown that plasma retinol levels are usually maintained 
within a normal range despite wide variations in dietary and hepatic vitamin A levels (17), 
so the lack of alteration in plasma retinol levels in the vitiligo mice was not surprising. 

SUMMARY AND FUTURE DIRECTIONS 

The vitiligo mouse is an intriguing example of slow-progressive degeneration of the 
retina. It appears to have an alteration in retinoid metabolism that occurs not only in the RPE, 
but perhaps in the liver as well. These studies represent the first evidence of biochemical 
malfunction in this mutant mouse. Studies to determine if there are alterations in the enzymes 
that control the levels of various forms of Vitamin A must be performed if the precise 
biochemical lesion is to be determined. The morphologic and biochemical studies described 
here are timely because information about the genetic defect in this mouse has been reported 
recently. The vitiligo mutation maps to the mi (microphthalmia) allele of mouse chromosome 
6 (18, 19) and so it is designated the mivit/mivit mouse. The mi locus codes for a basic 
helix-loop-helix DNA transcription factor (20,21). In the case of the vitiligo mouse, the 
specific mutation is a G to A transition at bp 793 leading to an Asp 222Asn substitution in 
helix I (22). It has not been determined how this single point mutation in a DNA transcription 
factor results in the slowly-progressing retinal degeneration observed in the vitiligo mutant. 
Our studies of altered retinoid metabolism and the functions of RPE and PRCs should help 
in determining how this mutation results in this retinopathy. 
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ABSTRACT 

Retinal transplantation holds promise as a treatment for restoring vision in the eye 
which has been blinded by retinal degenerative disease. We have demonstrated that allo
geneic retinal grafts implanted into intraocular spaces of normal eyes are immunologically 
privileged and this privilege is associated with an active downregulation of systemic 
immunity. Since the normal eye maintains an immune suppressive intraocular microenvi
ronment, it is important to determine 1) whether the degenerative eye has a similar 
immunological microenvironment and 2) what impact donor-specific alloimmunity has on 
the function of retinal allografts. Two sets of experiments were carried out to answer these 
questions. First, we assayed the systemic immunity in C3H/Hen retinal degenerative mice 
which received an allogeneic neural retinal graft in either the anterior chamber or sub retinal 
space. We found that these spaces are immunologically privileged sites for allogeneic retinal 
grafts and this privilege is accompanied by induction of suppression of donor-specific 
delayed hypersensitivity. Moreover, intraocular retinal allografts in C3H/Hen mice enjoyed 
a prolonged survival in these immunologically privileged sites. Our results from rd mice 
suggest that photoreceptor cells may not play an important role in maintaining an immune 
suppressive intraocular microenvironment. Second, we implanted normal retinal pigment 
epithelium (RPE) allografts into the subretinal space of retinal degenerative Royal College 
of Surgeons (RCS) rats and corneal electroretinographic (ERG)s were periodically recorded. 
The results indicate that the normal RPE allografts can rescue ERG function in the RCS 
recipients; however, after donor-specific immunization, the rescued ERG function was 
abolished. The property of immune privilege is maintained in the retinal degenerative eyes 
of RCS rats and rd mice. However, the emergence of systemic alloimmunity can overcome 
the immune privilege leading to an immunologically mediated impairment of retinal graft 
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function. Thus, systemic immunity directed at donor-specific antigens is a major obstacle 
for functional retinal transplants. 

INTRODUCTION 

A common consequence of degenerative retinal disease is blindness caused by 
incurable loss of retinal cells and destruction of the retina. Progress in studies of retinal 
transplantation over the past several years has provided hope for using grafted retinal cells 
to replace those which have been lost as a means of restoring vision to blind eyes. Scientists 
have attempted to implant either neural retinal or RPE cells into the eyes of different rodent 
models. The results are encouraging. Both neural retinal and RPE grafts have been shown 
to survive and even function for a period of time [1-7]. The relatively better survival for the 
intraocular retinal grafts is due to a hospitable transplantation site in the eye. Today, we know 
that intraocular spaces of the normal eye are immunologically privileged sites for retinal 
allografts and this privilege can be attributed to several factors: 1) an active down regulation 
of systemic immunity, 2) a constitutive immunosuppressive microenvironment, and 3) the 
blood/eye barrier. Thus, immune privilege is a beneficial factor for the survival of retinal 
grafts. However, this privilege for retinal allografts is neither permanent nor absolute. We 
have previously demonstrated that both neural retinal and RPE allografts implanted into a 
normal (i .e., non-diseased) eye eventually deteriorated, and this deterioration was accompa
nied by the emergence of systemic alloimmunity [8]. Because therapeutic retinal transplan
tation eventually will be performed in the diseased eye in which retinal cells have been 
destroyed by degeneration or other types of damage, it is important to determine the 
immunological features of the diseased eye. 

In this study, retinal transplantation was performed using two different retinal 
degeneration rodent models, RCS rats and retinal degenerative (rd) mice. Although the 
primary defect in these models is considered to be mediated by different cell types [9], the 
pathological consequences in their eyes appear similar. Both the ReS rats and rd mice 
progressively lose their photoreceptor cells after birth. In addition, it has been reported that 
abnormal retinal vascularization accompanies deterioration of their retinas [10]. The patho
logical changes in the eyes of these animals may have an impact on their immunological 
features. We examined the fate of the retinal grafts implanted into the eyes of these retinal 
degenerative rodents using either histologic or ERG examinations. An immunological assay 
for delayed hypersensitivity (DH) was used to measure systemic immunity. In order to 
observe the impact of systemic immunity on graft survival, we also determined the function 
of retinal grafts after the host received donor-specific immunization by measuring the 
alteration of the rescued corneal ERG. 

MATERIAL AND METHODS 

Animals 

Donor retinal tissue for the mouse experiments was obtained from newborn BALB/c 
mice (aged <24 hours). Adult male C3H/Hen mice (aged 7 to 12 weeks) served as allogeneic 
recipients. All experimental mice were obtained from our breeding colonies at the University 
of Miami School of Medicine, Miami, FL, The Schepens Eye Research Institute, Boston, 
MA, and from the Charles River Laboratories, Wilmington, MA. Mice were maintained in 
a common room of the vivarium where an overhead fluorescent light provided 12 hour cycles 
of light and dark. Inoculations, clinical examinations, and enucleations of grafted eyes were 
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performed under anesthesia induced by intramuscular injections ofketamine (Ketalar, Parke 
Davis) 0.075 mg/g body weight, and xylazine (Rompun, Haver-Lockhart), 0.006 mg/g body 
weight. 

All experimental RCS rats were obtained from the breeding colony at the University 
of Miami School of Medicine, Miami, FL. The original breeding pairs of RCS rats were 
supplied by the NIH Genetic Resources Services. The recipient RCS rats (rdyp-) are a 
pink-eyed, albino inbred strain with retinal dystrophy. Their MHC Class I (RTlA) haplotype 
is u and Class II region remains unknown [11]. For transplantation, host RCS rats aged 20 
days were used. 

Donor RPE was isolated from (RCSxLong Evans(LE»Fl rats aged about 20 days. 
Three female LE rats were obtained from Charles River Laboratories (Wilmington, MA) and 
the male RCS rats from our breeding colony. The LE rats were chosen as the donor source 
so that the donor/host combination in our experiments would be compatible with previous 
morphological studies [1-2]. Because the LE rats used in this study are an outbred strain, 
offspring from the same litter were used as the source for donor RPE tissue. 

The experimental rats were maintained in clear plastic cages and fed Lab Chow 
(Purina, St. Louis, MO). The illumination in the animal room ranged from 4-8 ftlcd and the 
light was kept on a 12: 12 light dark cycle. Inoculation, clinical examination and enucleation 
of the eyes were performed under anesthesia induced by intramuscular ketamine (Ketalar, 
Parke Davis, Shawnee, KS) 0.075 mg/g body weight, and xylazine (Rompun, Haver-Lock
hart, Morris Plains, NJ), 0.006 mg/g body weight. For ERG recording, the animals were 
anesthetized with ketamine-xylazine-urethane (15 mg, 15 mg, and 600 mg/kg body weight, 
respectively). All experimental procedures conformed to the ARVO Resolution on the Use 
of Animals in Research. 

Preparation of Retinal Tissue 

Donor RPE tissue was prepared using a modification of the technique of Chang 
et al. [12]. Briefly, donor (RCSxLE)Fl rats were decapitated, their eyes immediately 
enucleated and placed in ice-cold Dulbecco's modified Eagle's medium (DMEM) with 
2 mM L-glutamine. The intact eyeballs were incubated for 45 minutes at 37°C in a solution 
of 2% Dispase (Grade II, Boehringer Mannheim, Indianapolis, IN) in DMEM. After 
incubation, the eyes were rinsed twice in DMEM and placed in a Petri dish containing 
fresh DMEM. Under a dissecting microscope, the eyeballs were cut open along the edge 
of the cornea using microsurgical scissors. After the lens and iris were removed, the RPE 
and its attached neural retina were gently separated from the eye cup and transferred to 
another Petri dish containing fresh DMEM. After two changes to fresh medium and 
incubation for 15 minutes at room temperature, the entire RPE sheet was easily separated 
from the neural retina. Separated RPE sheets were transferred to a Petri dish containing 
cold calcium- and magnesium-free Hank's Balanced Salt Solution (CMF-HBSS) and the 
dish placed on ice. Each RPE sheet was cut in half and one half implanted into the left 
eye of recipient rats. 

For preparation of donor neural retinal tissue, BALB/c newborn mice «24 hours) 
were decapitated. Their eyes were immediately enucleated and placed in ice-cold CMF
HBSS. Each eye was cut open along the edge of the cornea using microsurgical scissors. 
After the lens and iris were removed, the neural retina was gently separated from the eye 
cup using fine forceps. The retinas were transferred to a new Petri dish containing cold 
CMF-HBSS. After rinsing twice with fresh medium, the entire neural retina sheet was cut 
in half and each half used for transplantation. 
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Implantation of Retinal Grafts into the Anterior Chamber, Subretinal 
Space or Subconjunctival Space 

Recipient mice received general anesthesia. For implantation of retinal tissue into 
the anterior chamber or subretinal space, the eyelids were kept open and the eyeball held 
steady with forceps. A 0.3 mm penetrating wound for the anterior chamber was made at the 
cornea of the eye using a microsurgical knife with a 15° angle (Edward Weck and Company, 
Inc., Research Triangle Park, NC). For retinal implantations into the subretinal space, a 
penetrating wound was made through the posterior portion of the wall of the eye while the 
wound was in the fornix portion of the conjunctiva for implantation into the subconjunctival 
space. The retinal tissue was then drawn into a glass needle made from a glass bore of a 10 
/-ll micropipetter (diameter of 200 /-lm). The retinal tissue, along with about 1 /-ll of HBSS, 
was slowly injected via the wound into the anterior chamber, subretinal space or subcon
junctival space of the eye. 

Clinical Examination 

Clinical examinations were made to determine changes in the graft size and general 
appearance of the retinal grafts, including translucency and vascularization. In addition, the 
host eyes were examined for evidence of intraocular inflammation. Under anesthesia the 
anterior segment of the eye was examined on designated days after transplantation with a 
dissecting microscope. To examine the posterior segments ofthe eye, the pupils were dilated 
with 0.5% mydriacyl (Alcon, Humacao, RP) and 2.5% phenylephrine hydrochloride, and 
the fundus was visualized through a contact lens. The eyes bearing retinal grafts were 
photographed using a dissecting microscope equipped with a 35 mm camera. 

Histological Examination 

Based on identification of the graft during clinical examination, sections were cut 
through the graft. Representative sections were selected at three levels and examined. For 
H&E staining the eyes were fixed with lO% buffered formalin, embedded with paraffin and 
cut 5 /-lm thick. 

Photographs 

Photographs of the fundus were taken with a 35-mm camera system attached to an 
Olympus dissection microscope (using Kodak Plus-X pan 125 Black-and-White print film). 
Micrographs of sections stained with Hand E technique were taken with a 35-mm camera 
system attached to an Olympus research microscope (using Kodak Plus-X pan 125 Black
and-White print film) . 

Delayed Hypersensitivity Response to Retinal Grafts 

DH was measured based on ear swelling, as previously described [13]. Briefly, half 
of the neural retina of newborn BALB/c donor mice was implanted into the anterior chamber 
of recipient mice. To set positive controls, mice received similar retinal grafts into the 
subconjunctival space. Normal C3HIHen mice without retinal grafts served as negative 
controls. On day 12 after transplantation, ear pinnae of the mouse were challenged and 
measured for DH responses. A Mitutoyo engineer's micrometer was used to measure the 
thickness of both ears immediately before challenge. For challenge, 106 
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(BALB/cxC3H/Hen)F I spleen cells (irradiated) were suspended in 10 III of HBSS and 
injected into the dermis of the left ear pinnae. The right ear served as an untreated control. 
The difference in measured ear thickness after 24 hours was used as a measure of DH 
intensity. Results were expressed as specific ear swelling = (24 hour measurement - 0 hour 
measurement) experimental ear - (24 hour measurement - 0 hour measurement) negative 
control ear x 10.3 mm. A two-tailed Student's t test was performed on the data presented and 
significance was assumed to exist if p<0.05. 

Adoptive Transfer of Capacity to Suppress Alloantigen-Specific DH 

Spleens from C3H/Hen mice bearing BALB/C retinal grafts in the AC were collected 
aseptically. Single cell suspensions were prepared by pressing whole spleens through 
stainless steel screens (60-mesh). Spleen cells were then washed and resuspended in HBSS. 
Each naive C3H/Hen recipient received 5x 1 07 spleen cells in 100 III of HBSS via the tail 
vein. For positive control, a similar number of naive C3H/Hen spleen cells were infused 
intravenously into naive C3H1Hen recipients. Negative controls received no infusion. Within 
two hours, all experimental mice received implants in subconjunctival space of neural retina 
grafts from immature BALB/c mice (aged 8-14 days). Twelve days later, DH reactivity, as 
described above, was assayed by ear challenge. 

ERG Recording 

Under anesthesia, ERGs were picked up by a wick Ag:AgCI electrode placed on the 
cornea. The reference electrode was a needle placed subcutaneously on the head and the 
animal was grounded using another needle electrode placed subcutaneously in the neck 
region. The pupils were dilated with 0.2% tropic amide, and the cornea was anesthetized with 
0.5% topical proparacaine HCl. 

The ERGs were amplified and displayed on an oscilloscope with the half-amplitude 
bandwidth set at 0.1-10 KHz. The amplified signals were sent to a Texas Instruments 960A 
minicomputer (Houston, TX) to average 16 responses with an analysis time of 10 msec. The 
data were permanently stored on digital tapes and the amplitude of the average ERGs 
measured from a printout of the digital values. 

The light for the stimulus was obtained from a 150 watt quartz-halogen lamp bulb. 
The filament of the bulb was focused by a lens onto a 3-mm diameter fiberoptic bundle. The 
fiberoptic bundle was brought into a Faraday cage and positioned with the tip 2-3 mm from 
the cornea of the eye. 

The luminance of the unattenuated stimulus was 5.431 log cd/m2 (Salford Electrical 
Instruments, Ilford, England) and neutral-density (ND) filters (Eastman Kodak, Rochester, 
NY) were used to reduce the stimulus intensity. A Uniblitz shutter (Eastman Kodak. 
Rochester, NY), controlled by a Grass S4 stimulator (Quincy, MA), was used to deliver 
flashes of 250-msec duration at 5 sec intervals. 

The anesthetized animal was strapped to a platform with its head resting in aU-shaped 
holder. The upper and lower lids were retracted with masking tape to hold open and proptose 
the eye. After the electrodes were in place and the fiberoptic bundle adjusted to provide 
uniform illumination of the eye, the animal was dark adapted for 30 min. The ERG recordings 
were started with a 8.0-log unit ND filter. In the preliminary experiments, this was found to 
be lower than the stimulus intensity necessary to elicit a small b-wave response from 
congenic rdy+p· RCS rats. In addition, prolonging the dark-adaptation to 1 hr did not change 
the threshold or amplitude of the ERGs of normal rats. The stimulus intensity was increased 
in 0.5-log unit steps and responses were recorded from 8.0 to 3.5 log units (ten intensities). 
A recovery time was provided between each increase in stimulus intensity; 30 sec between 



168 L. Q. Jiang et aI. 

filters 8.0 to 7.5 and increasing in 30-sec steps with each increase in intensity. The recovery 
time between the 4.0 and 3.5 filters was 4.5 min. 

A two-tailed student's t test was performed on the ERG amplitude data presented and 
significance was assumed to exist if p < 0.05. 

RESULTS 

Two sets of experiments using rd mice and RCS rats were included in this study. 

Retinal Implantation in the Eye of rd Mice 

Clinical Findings. Neural retinas obtained from newborn BALB/c mice (age <24 hr) 
were implanted into the anterior chamber (n=5) or subretinal space (n=5) of the eye of adult 
C3HIHen mice. The experiment was repeated using the same number of animals. Peri
odically after implantation, both the host eye and graft were clinically examined. Under a 
dissecting microscope, the graft implanted in the anterior chamber appeared as a white 
translucent mass with well defined edges (Fig. I). There was no neovascularization on the 
surface of the retina nor was there evidence of inflammation in the anterior chamber of the 
eye. For 12 days, the graft showed no significant change in size. An examination of the 
fundus revealed that the graft implanted into the subretinal space had a similar appearance 
as the graft in the anterior chamber (Fig. 2). The vessels of the retina were superior to the 
graft and no neovascularization was detected in the eye. Overall, as demonstrated by clinical 
examination, BALB/c newborn neural retinal grafts implanted into both the anterior chamber 
and subretinal space survived well. The appearance of the graft was very comparable to that 
previously found in normal mice [13]. 

Figure 1. Clinical appearance ofBALB/c newborn neural retinal graft implanted into the anterior chamber of 
C3H1Hen mouse 12 days after transplantation. The graft (0) has a white translucent appearance and rests on 
the host iris (Ir). 
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Figure 2. The appearance of the fundus of a C3H/Hen mouse which received BALB/c newborn neural retinal 
graft into the subretinal space of the eye 12 days prior. The retinal vessels (arrowhead) are superior to the white 
mass of the retinal graft (arrow). 

Histological Findings. The eyes ofC3H/Hen mice (n=1 0) which received newborn 
BALB/c neural retinal grafts 12 days previously were enucleated and histologically 
examined. Examination of H&E stained sections (Fig. 3) indicate that the graft consists 
of differentiated and well-organized cell layers. The photoreceptor cells formed numerous 
rosettes which were surrounded by large cells that resembled those cells found in the 
inner nuclear layer of the retina. There were no inflammatory cells infiltrating the graft, 
anterior chamber or host iris. An examination of the subretinal grafts revealed that the 
graft contained multiple well-organized cell layers; however, the number of rosettes 
formed by the photoreceptor cells was significantly reduced in these animals (Fig. 4). 
There was no evidence of inflammatory cell infiltration in the retinal graft or in the space 
and tissue surrounding it. The histological appearance of the subretinal graft in rd mice 
is different from the appearance of the graft in either the anterior chamber of rd mice or 
subretinal space of normal mice [13]. 

Immunological Examination. In our previous studies on normal mice, we have 
demonstrated that allogeneic retinal grafts implanted into the eye can induce suppression 
of donor-specific DH in their recipients [13]. In order to determine whether this also 
occurs in the degenerative mouse, we implanted newborn BALB/c neural retinas into 
either the anterior chamber or subretinal space of adult C3H/Hen mice. For positive 
controls, similar grafts were implanted into the subconjunctival space of the host eye, 
while negative control mice did not receive a graft (n=5/group). Twelve days later, all 
mice received ear challenge with irradiated spleen cells of (BALB/cxC3H)Fl mice, and 
24 and 48 hrs later ear swelling was measured to determine DH. As shown in Figure 5, 
grafts implanted into the subconjunctival space (positive control) induced a significant 
DH in their recipients. In contrast, no significant DH was induced by grafts implanted 
into either the anterior chamber or subretinal space. These results suggest that allografts 
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Figure 3. Histological appearance of newborn BALB/c neural retinal graft implanted into the anterior chamber 
of the eye of a C3HIHen mouse 12 days previously. The graft (G) contained different cells layers and 
photoreceptor cells formed rosettes (Rs). There was no evidence of inflammatory cell infiltration. 

Figure 4. Histological appearance of newborn BALB/c neural retinal graft implanted into the subretinal space 
of the eye of a C3HIHen mouse 12 days previously. Although the graft (G) contained organized cell layers, the 
rosettes (formed by photoreceptor cells) could not be clearly detected. There is no evidence of inflammatory 
cell infiltration. 
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Figure 5. DH response in C3H1Hen mice re
ceiving BALB/c retinal allografts. Newborn 
neural retinal allografts ofBALB/c mice were 
implanted into the anterior chamber or subret
inal space (test groups) 12 days prior. Similar 
grafts were implanted into the subconjunctival 
space (positive control). Negative control mice 
received no graft. Twenty-four hours after ear 
challenge with irradiated spleen cells of 
(BALB/cxC3H)F\ mice, ear swelling was 
measured. Ear swelling in the positive control 
group was significantly higher than in either of 
the test groups or the negative control group (p 
< 0.05). 
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implanted into the retinal degenerative eye are capable of inducing suppreSSIOn of 
donor-specific DH. 

We next used an adoptive transfer assay to confirm the generation of donor-specific 
suppressor T cells in recipients of anterior chamber and subretinal grafts. As Figure 6 
indicates, naive C3H/Hen mice which received splenic cells from C3H/Hen mice bearing 
either anterior chamber or subretinal grafts, mounted insignificant DH after implantation 
with subconjunctival grafts. Therefore, when retinal allografts were implanted into the eye 
of retinal degenerative mice, they retained the capacity to induce the generation of donor
specific suppressor T cells in their recipients. 

Retinal Implantation in the ReS Model. We have shown in our previous studies that 
normal RPE from (RCSxLE)F I rats implanted into the subretinal space of RCS rats can 
rescue corneal ERG function [6]. The criteria for determining rescued function was: 1) the 
grafted eye displayed a significantly larger photoreceptor potential (negative wave) ampli-

Figure 6. Adoptive transfer of suppression 
of DH induced by newborn BALB/c retinal 
allografts in C3H/Hen recipient mice. For 
test groups, naive mice received spleen cells 
(50xl06) intravenously from mice bearing 
either anterior chamber or subretinal space 
neural retinal allografts. One hour later, re
cipients received BALB/c retinal allografts 
into the subconjunctival space. Twelve days 
after implantation their ears were chal
lenged with (BALB/c x C3H/Hen)F I spleen 
cells and ear swelling responses measured 
24 hours later. Negative controls as de
scribed in Figure 3. Responses of positive 
control group were significantly greater 
than those of either test group or negative 
control groups (p < 0.05). 
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Figure 7. Corneal ERGs recorded from the right eye (left column) and left eye (right column) of a 60 day old 
RCS rat which received RPE allografts into the subretinal space of the left eye at 20 days of age. The number 
to the left of each ERG represents the value of the ND filter used to reduce stimulus intensity. The full intensity 
stimulus was 5.431 log cd/m2. Calibration: 20 IlY; 200 msec. 

tude compared to the non-grafted eye, or 2) the existence of a b-wave in the grafted eye, but 
not in the non-grafted eye. This rescued function was sustained for up to 16-17 weeks at 
which time the experiment ended [6]. However, the amplitude of the rescued ERG declined 
during this period, indicating that deterioration and impairment of function ofRPE graft had 
gradually taken place. 

In our previous retinal transplantation studies in mice, we found that allogeneic 
retinal grafts were eventually rejected by conventional alloimmunity [8]. In order to 
determine the impact of alloimmunity induced by (RCSxLE)F 1 grafts on rescued ERGs, we 
randomly selected 14 recipients which had a functional rescue of ERGs as described above 
(Fig.7). Six recipients were challenged with an injection of (RCSxLE)F 1 spleen cells into 
the subcutaneous space while the remaining 8 recipients received a subcutaneous injection 
of HBSS and served as controls. The corneal ERG in both eyes were recorded periodically 
for the next 3 to 8 weeks. Three weeks after donor-specific immunization, 5 of 6 animals 
had no significant difference in the amplitude of negative wave between the left and right 
eye (Fig. 8). In contrast, during a similar time period, all non-challenged animals retained 
significant rescued ERG. These rescued ERGs were followed for 16-17 weeks after HBSS 
injection. Although the ERG responses showed a decline in both eyes, the amplitude of the 
negative wave in the grafted (left) eye remained significantly greater than that recorded in 
the untreated (right) eye (Fig. 9). These results suggest that a donor-specific alloimmunity 
can abolish the rescued ERG and, may indeed have a negative impact on the rescue of corneal 
ERG function in RCS rats. 
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Figure 8. Corneal ERGs recorded from the right eye (left column) and left eye (right column) of the same RCS 
rat, as shown in Figure 7, 21 days after challenge with donor-specific splenic cells. The number to the left of 
each ERG represents the value of the ND filter used to reduce stimulus intensity. The full intensity stimulus 
was 5.431 log cd/m2. Calibration 12.5 IlV; 200 msec. 

DISCUSSION 

The eye, an extension of the brain, is an immunologically privileged site in which a 
grafted foreign tissue enjoys prolonged survival. We have previously demonstrated that 
retinal allografts implanted into the intraocular spaces of the eye, including the anterior 
chamber, vitreous cavity and subretinal space, can survive well for at least 12 to 17 days and 
the grafts induce a suppression ofDH directed at donor-specific alloantigens [13,14]. It has 
also been shown that several immunosuppressive cytokines (e.g., TGF-b, VIP, and MSH-a) 
constituitively exist in the aqueous humor [15,16]. These cytokines are secreted by the 
resident cells of the eye, and in the retina the RPE has been identified as one of the major 
sources ofTGF-b [17]. 

In the degenerative retina of either rd mice or ReS rats, the photoreceptor cells are 
progressively lost after birth. Although the primary cause of degeneration may be different 
in these two rodents, pathological changes in the retina occur in a similar fashion [9]. It has 
been reported that this degenerative process is also accompanied by abnormalities of the 
blood vessels [10]. Therefore, the microenvironment in the eye of retinal degenerative 
rodents may be altered by degeneration of the retina, and whether these pathological changes 
in the retina can also alter the immunological properties of the eye remains unknown. Our 
study suggests that allogeneic retinal grafts implanted into the eye of rd mice survive for a 
comparable period of time as.grafts implanted into a normal mouse eye. This indicates that 
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Figure 9. Corneal ERGs recorded from the right eye (left column) and left eye (right column) of a 17 week 
old RCS rat which received RPE allografts into the SR of the left eye at 20 days of age. The animal received 
a sham injection ofHBSS into the subcutaneous space at age 60 days and served as a non-challenged control. 
The number to the left of each ERG represents the value of the ND filter used to reduce stimulus intensity. The 
full intensity stimulus was 5.431 log cd/m2 Calibration: 12.5 IlV; 200 msec. 
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the property of immune privilege can be sustained in the retinal degenerative eye. Since the 
allogeneic retinal graft can induce suppression of donor-specific DH at 12 days, it appears 
that photoreceptor cells do not playa significant role in the induction of this suppression. 
Interestingly, neonatal neural retinal allografts implanted into either the anterior chamber or 
subretinal space of rd mice survive well for 12 days; however, histological examination 
reveals that the photoreceptor layer is significantly reduced in grafts implanted in the 
subretinal space but not in the anterior chamber. Thus, under similar immunologically 
privileged conditions, grafts implanted into the anterior chamber appear healthier than grafts 
in the subretinal space, suggesting that in addition to an immunological influence, there may 
also be another influence, possibly neurobiological, on graft survival. A previous retinal 
transplantation study using rd mice suggests that retinal graft survival is dependent on both 
the intrinsic properties of the graft and the intraocular microenvironment [18]. It is possible 
that the neurobiological microenvironments of the anterior chamber and subretinal space are 
different. Further experiments are necessary to confirm this speculation. 

We have learned from our previous studies that immune privilege to retinal allografts 
implanted into the eye is not permanent. When allografts mismatched at both major and 
minor histocompatibility loci are implanted into the host eye, a suppression of donor-specific 
DH is induced at 12 days. However, this suppression is eventually overcome as DH emerges, 
and by day 35 the graft has deteriorated [8]. It is known that histocompatibility does play an 
important role in the emergence of DH and systemic donor-specific alloimmunity can 
accelerate rejection of the retinal allograft [8,14]. 

In our study using the ReS rat model, significant rescue of corneal ERG was detected 
following implantation of normal RPE when compared to the ERG of the eye not receiving 
the graft. Although the corneal ERG rescued by RPE grafts was able to be sustained for 
several months, its amplitude declined remarkably during this period. After the host was 
immunized with spleen cells bearing donor-specific transplantation alloantigens, the pre
viously rescued ERG was depressed in an accelerated fashion. These results imply that a 
potential risk of rejection exists for retinal allografts. Even if the graft is immunologically 
privileged, the emergence of systemic immunity is capable of overcoming this privilege, 
thereby causing graft rejection. The emergence of systemic immunity is dependent on the 
disparity between the donor and host [8]. The emergence of systemic immunity can also 
occur when donor cells accidentally escape from the eye into a conventional site (e.g., 
subconjunctival space), thereby immunizing the host. In addition, either infection or injury 
can alter the immunosuppressive intraocular microenvironment, therefore the previously 
privileged graft may immunize the host and induce a conventional donor-specific systemic 
immunity. Subsequently, the primary intraocular graft can be rejected. Therefore, systemic 
donor-specific alloimmunity is an immunological obstacle for functional RPE allografts. 

Understanding the immunological aspects of the retinal degenerative eye is critical 
for achieving successful therapeutic retinal transplantation. It is encouraging to learn that 
properties of immune privilege exist in the eyes of two different retinal degenerative rodent 
models. However, immune privilege is not absolute and the alloimmunity induced by donor 
antigens prejudice graft survival. Searching for an effective immunological strategy for 
overcoming alloimmunity and preventing graft rejection is a key step for the ultimate goal 
of successful retinal transplantation. 
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INTRODUCTION 

20 

Because of its involvement in haem and nonhaem iron containing enzymes iron is 
required by all cells of organism. The particular role of this ion was shown for the nervous tissue 
and especially for brain (Connor et aI., 1990). It is known, that iron status of organism has an 
influence on the iron level in brain. The iron status is estimated by the content of nonhaem iron 
(NHI) in the complex with transferrin (TF) in blood plasma and by the quantity of NHI in 
hepatic cells ferritin (F) (Taylor et ai, I 991 ;). The decreased iron status of the organism (in 
contrast to the increased one) causes the most significant effects: a decrease ofNHI content in 
brain and different biochemical and functional abnormalities in the latter (Youdim et ai, I 989; 
Oloyede et al.,1992). Recent studies have accumulated interesting data showing that distur
bances of brain iron homeostasis have a crucial role in the development of some neurodegen
erative diseases, such as Alzheimer's, Parkinson's, Wilson's diseases etc. (Connor et aI., I 992; 
Youdim & Riederer, 1993; Hafkemeyer et aI., 1994; Saija et aI., 1994). 

The neural retina is a peripheral extension of the forebrain with which it has common 
embryological origins. The presence of iron in eye tissues seems to be very important because 
of its involvement in many processes, such as rod outer segment growth, photoreceptor 
membrane biogenesis, neurotransmitter and neuromodulator functions of iron ions in the 
complex with apoTF in developing retina (Cho & Hyndmann, 1991; Davis,1993; Hunt & 
Davis, I 992; Hyndmann et ai, 1991). Guanylate-cyclase, the enzyme which maintains the 
necessary level of cyclic GMP is also an iron containing protein. The presence of receptor 
complexes binding TF was shown in plasma membranes of photoreceptors and retinal 
pigment epithelium (RPE) cells (Cho & Hyndmann, 199 I); the ferritin-like protein also was 
found there (Hunt & Davis, 1992). At the same time we could not find any data about changes 
of iron containing components in eye tissues in the different forms of retinal and RPE 
degeneration, as it usually occurs at some neurodegenerative processes in brain. Only two 
reports are available at present, that the artificial decrease of iron level in eye tissues as well 
as its increase may provoke some degenerative disturbances in the retina (Anderson et aI., 
1984; Lakhanpal, 1984). 
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This chapter reviews the results of our recent studies and some unpublished data 
concerning investigation of some iron depending processes and iron containing components 
in the different tissues in rats with hereditary degeneration of the retina (HDR) as well as 
evaluation of iron status in these animals (see in details: Yefimova et aI., 1987; Yefimova et 
al.,1988; Yefimova & Etingof, 1992; Shushakova et aI., 1993; Shushakova & Yefi
mova, 1994; Yefimova et aI., 1994). 

MATERIALS AND METHODS 

Animals 

Male rats of Wistar strain as control and male rats of Campbell strain (a branch of 
RCS rats) of different ages, affected with HDR, were used in this study. 

Methods 

Subcellular fractions of the liver and brain cortex tissues were isolated by the 
differential centrifugation methods (Karuzina et ai, 1979) and (Vijayalakshmi et al,1990; 
Dambinova & Gorodinsky, 1984), respectively. 

The lipid peroxidation (LP) was induced by Fe(I1)-ascorbic acid system in accord
ance with the classical method (Vladimirov & Archakov, 1972). The rate of lipid peroxidation 
was estimated by malondialdehyde (MDA) accumulation, dependent on the time of incuba
tion (Buege & Aust, 1978). 

The content of cytochrome P-450 was determined in the microsomal fraction ofliver 
tissue as described (Omura and Sato,1964) and in the brain cortex microsomal fraction 
(Nabeshima et ai, 1981). 

Partial purification of liver F was carried out by the method of Arosio et al. (1978). 
ApoTF from rat blood plasma were partially purified as described (Welch and Skinner, 1989) 
with some modifications. To study the apoTF ability to be saturated with iron ions, the 
complex of iron with nitrilotriacetic acid (FENTA) was used (Bates and Schlach,1973). 

Determination of the NHI content in microsomal fractions of the liver and brain 
cortex, in F preparations and blood plasma was made by the method ofBrumby and Massey 
(1967) using the o-phenanthroline test following the iron extraction by 5% trichloroacetic 
acid or by 11 Mol nitric acid. 

Nondenaturating polyacrylamide gel electrophoresis of F was performed (Catsim
pool as et ai, 1975) followed by protein staining with Coomassie Blue R-250. Simultaneously 
the specific staining for determination of Fe was carried out in these gels using the reaction 
with K4Fe(CN)6 (Linder-Horowitz et al,1970).The gels were scanned after staining (see 
below). 

Nondenaturatingpolyacrylamide gel electrophoresis of rat blood plasma proteins was 
performed (Welch and Skinner,1989) followed by staining with Coomassie Blue R-250. 
Combined blood plasma of 8 rats of each studied age was used. After staining the gels were 
cut along the strips corresponding to each of the blood plasma samples and these strips were 
scanned using a special device for a spectrophotometer Specord M-40, wavelength 680 nm. 
The TF content was estimated as a ratio of the peak area to the total area of all peaks 
corresponding to the quantity of blood plasma proteins. Rat blood plasma TF (Sigma) was 
used as a marker. The degree of TF saturation with iron ions was calculated on the basis of 
NHI content in the samples. Calculation was performed taking into account that I mol of 
apoTF is capable of binding no more than 2 mol of iron. Two series of experiments were 
carried out. 
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The hemoglobin content in blood was determined (Derviz, 1 973). The quantity of 
erythrocytes was counted (Predtechenskiy et ai, 1950). 

A protein concentration was routinely determined (Marwell et ai, 1987), using bovine 
serum albumin as a standard. 

The results of experiments were submitted to statistical analysis using Student's 
criterion. 

RESUL TS AND DISCUSSION 

NHI in Microsomes in Rats with HDR 

In our previous studies it has been shown that changes in LP induced by iron-ascor
bate system occur in the retina, RPE and brain cortex in rats with HDR in comparison with 
a control at early stages of postnatal ontogenesis (20th day of life - a period before an 
appearance of some detectable disturbances of visual function). The phenomena revealed 
took place only in the tissues mentioned above but not in liver and lungs. These shifts 
disappeared by 40-90 days of life (a period of blindness). It was unexpected that similar 
differences occurred both in brain and eye tissues of diseased animals. The phenomena 
revealed in brain tissue seem to be very interesting, especially because of the lack of reports 
about similar biochemical shifts in eye and brain tissues at HDR. So we tried to clarify the 
brain cortex subcellular fractions where these changes were most pronounced. The data are 
summarized in Table 1. 

It is obvious that the enhanced rate ofLP takes place only in the microsomal fraction 
of brain cortex. One of the reasons that the phenomenon revealed may be believed takes into 
account the theory that the stimulating effect of exogenously added iron on LP rate in 
membranes depends on a certain quantity of free functional groups being able to bind the 
added iron ions. These iron ions bound to the functional groups of some membrane 
components are then involved in LP (Vladimirov,1991). Recently one kind of membrane 
iron binding component (microsomal protein 66 000 Da) has been purified and the direct 
evidence of its involvement in LP has been obtained (Minotti, 1992). Another important 
factor determining the LP rate is Fe(II)/Fe(III) ratio (Minotti & Aust, 1987). On the basis of 
these data, we suggest, that the content ofNHI in brain cortex microsomes of Campbell rats 
may be less than in those of healthy ones. Hence, some additional functional groups may 

Table 1. LP induced by iron-ascorbic acid system in different subcellular fractions of brain cortex 
in Wi star and Campbell strain rats at the 20th day of age 

MDA accumulation Time of induction 
Subcellular fractions Strain (nmol/mg of protein) (minutes) 

Brain cortex homogenate Wistar 5.17 ± 0.64 (6) 6 

Campbell 7.29 ± 0.31 * (6) 6 

Brain cortex: nuclear fraction Wistar 1.75 ± 0.32 (6) 3 

Campbell 1.30 ± 0.10 (6) 3 
Brain cortex: mytochondrial fraction Wistar 6.60 ± 0.65 (6) 6 

Campbell 6.73 ± 0.65 (6) 6 

Brain cortex: microsomal fraction Wistar 5.54 ± 0.49 (10) 6 
Campbell 8.94 ± 0.73* (10) 6 

Notes: in brackets - the number of experiments; * - values differ significantly from the control 
(P $ 0,05). 
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Table 2. NHI content in brain cortex and liver microsomal fraction of Wi star and Campbell strain 
rats at the 20th day of age 

NHI content (flg/mg of protein) 
Fe (II)/Fe (III) 

Tissue Strain Total Fe (II) Fe (III) ratio 

Brain cortex Wistar 0.591 ± 0.061 (12) 0.199 ± 0.009 (12) 0.392 ± 0.029 (12) 0.51 
Campbell 0.385 ± 0.058*(12) 0.323 ± 0.031 * (12) 0.062 ± 0.008* (12) 5.21 

Liver Wistar 2.30 ± 0.21 (6) 1.62 ± 0.32 (6) 0.68 ± 0.11 (6) 2.38 
Campbell 0.89 ± 0.14 * (6) 0.61 ± 0.12 * (6) 0.28 ± 0.10 * (6) 2.19 

Notes: in brackets - the number of experiments; * -values differ significantly from the control (P :0; 0,05). 

remain free and available for binding of exogenously added iron ions. If that is so, the 
exogenous iron would provide more intensive LP in brain cortex microsomes of rats with 
HDR. On the other hand, the Fe(II)lFe(III) ratio also may be changed there. The results of 
the following series of experiments confirming this hypothesis are presented in Table 2. 

It was found that both factors mentioned above occur in the brain cortex of Campbell 
rats at early stages of postnatal ontogenesis. The Fe(II)/Fe(lII) ratio was increased lO-fold 
and NHI content significantly decreased in Capmbell rats in comparison with control. As for 
the liver tissue, only a change ofNHI content but not of Fe(II)lFe(III) ratio was found. All 
these shifts disappeared in both tissues by the 90th day of age (data not shown). Thus, it 
seems that the interaction of both of these factors (decreased NHI content and changed 
F e(II)1F e(lII) ratio) is more important for the increase of induced LP rate in Campbell rats, 
than the individual action of each of them. 

The similarity of changes of induced LP in brain cortex and eye tissues leads us to 
suggest that the enhanced rate of induced LP in the retina and RPE of diseased animals may 
be caused by the same reasons as in brain cortex. 

Haem Iron Containing Components in Rats with HDR 

It seemed to be of interest to investigate haem iron containing component cytochrome 
P-450 in microsomes of rats with HDR. The results of this study are presented in Table 3. 

We did not succeed in determining the content of cytochrome P-450 in the microso
mal fraction of the brain cortex at the 20th day of animal life, which is in agreement with 
the reports about the formation ofthis protein at relatively late stages of ontogenesis (Mishin 
and Lyachovitsh,1985). Neither was this cytochrome present in the retina, which coincides 
with findings of other authors (Shichi, 1976). By the 45th and especially 90th day of life 
there was a significant increase (2.3 and 4.3 times, respectively) of the level ofhaemoprotein 
in the microsomal fraction of the brain cortex in diseased rats as compared to controls. As 
for the liver microsomes of the diseased animals, the content of cytochrome P-450 did not 
differ from those of normal rats at all ages studied. It is noteworthy, that genetically mediated 
aromatic hydrocarbon inducible hydroxylase activity of cytochrome P-450 in the RPE has 
been suggested to be one of the contributing factors to retinal degeneration in some mice 
with HDR (Shichi, 1976). However only the data on basal activity, which was equal in 
diseased and healthy mice but not on the content of cytochrome P-450 were presented in this 
report. The causes underlying increase of the cytochrome P-450 content in the brain 
microsomes of the diseased rats have not been found yet. Nevertheless the data obtained in 
our experiments suggest that metabolic disorders in the peripheral part of visual oyotem 
(photoreceptors) are accompanied by essential metabolic shifts in its central part, i.e. in the 
brain cortex. 
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Table 3. The content of cytochrome P-450 in microsomal fractions of brain 
cortex and liver of Wi star and Campbell strain rats of different ages 

Content of cytochrome 
Age P-450 

Tissue (days of age) Strain (pmol!mg of protein) 

Brain cortex 20 Wistar Not detectable 
20 Campbell Not detectable 
45 Wistar 15.8 ± 0.2 (20) 
45 Campbell 37.3 ± 1.0* (20) 
90 Wistar 17.5 ± 0.1 (10) 
90 Campbell 81.3 ± .1.6* (20) 

Liver 20 Wi star 590.0 ± 40.0 (6) 
20 Campbell 540.0 ± 60.0 (6) 
45 Wistar 1040.0 ± 80.0 (6) 
45 Campbell 1160.0 ± 70.0 (6) 
90 Wistar 1200.0 ± 100.0 (6) 
90 Campbell 1250.0 ± 90.0 (6) 

Notes: in brackets - the number of experiments; * -values differ significantly 
from the control (P :0; 0,05). 
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Results of experiments with soluble haem iron containing protein hemoglobin show 
that its content as well as the quantity in erythrocytes (data not shown) did not differ in 
Campbell and Wi star rats at all ages studied. All these data allow the assumption that in the 
diseased rats NHI containing proteins are the first to undergo damage at the early stages of 
postnatal life. 

Iron Status in Rats with HDR 

Recent studies on iron homeostasis disturbances in different brain areas in some 
forms of neurodegenerative diseases and our own data mentioned above enable us to suppose 
some disorders in iron status in rats with HDR. To clarify this hypothesis we investigated 
the content and properties of liver F and blood plasma TF in Campbell rats in comparison 
to controls. 

Fig. I shows densitograms of electrophoregrams of partially purified preparations of 
F from the liver of control and diseased animals at the 20th day of postnatal life. As is seen, 
the content of this protein in liver tissue of the affected rats is much lower compared to 
control. 

Since F has generally a rather higher content of iron (Chasteen et aI, 1985), one of 
the ways to detect this protein may be the determination of iron ions in it. On the densitogram 
of electrophoregram presented in Fig. 2 a marked decrease in coloring characteristic ofthe 
presence of iron in F preparations from the diseased rats can be interpreted as another 
evidence of a significant lowering of the F and iron content in the liver tissue ofHDR -affected 
animals. 

In the course of postnatal development a difference in the F content of the normal 
and the diseased rats revealed at the 20th day of postnatal life became less evident and 
practically vanished by day 90 (Figs. I , 2). 

In the next series of experiments the contents of blood serum TF, another NHI 
containing protein excreted into blood from liver and the content of NHI in blood plasma 
were determined. The obtained results are summarized in Table 4. 
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Figure 1. Densitometrical analysis of electrophoregrams of ferritin prerarations from liver of Wistar (solid 
line) and Campbell (dashed line) rats. Determination of protein content. The gels were stained with Coomassie 
Blue R-250. Abscissa - molecular weight of rat liver ferritin (450 kDa) and bovine serum albumin (67 kDa). 
Ordinate - optical density. 

As is seen, by the 20th day oflife the content ofTF in blood plasma of the diseased 
animals was significantly (4,3 times) lower, than in control. The difference disappeared by 
the 40th day of postnatal development. The content ofNHI was also lower (2 times) at the 
20th day of Campbell rats' life. By the 40th day there was not any difference in NHI content 
in diseased and control rats. 

The above data concerning the contents of NHI and TF in blood plasma made it 
possible to calculate the degree of protein saturation with iron, since the main pool of blood 
plasma NHI is, as a rule, bound with TF. As it follows from Table 4, in rats with HDR the 
degree of TF iron saturation at the 20th day of life was 2.3 fold that of control. By the 40th 
day the difference vanished. To find what causes such changes of TF iron saturation in the 
diseased rats, the ability of apoTf to bind iron ions was studied in the diseased and normal 
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Figure 2. Densitometrical analysis of electrophoregrams of ferritin preparations from liver of Wistar (solid 
line) and Campbell (dashed line) rats. The gels were stained with K4Fe(CN)6 for determination of iron in the 
proteins. Axes - the same as in Figure I. 
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Table 4. Transferrin and NHI content in blood plasma of Wistar and Campbell strain rats of 
different ages 

Age NHI content Transferrin Saturation degree of 
(days of age) Strain (J.lg/ml of blood plasma) (mg/ml of blood plasma) transferrin with iron (%) 

2020 Wistar 1.74 ± 0.04 (16) 4.30 ± 0.40 (16) 29.0 
Campbell 0.93 ± 0.08* (16) 1.00 ± 0.08* (16) 66.4 

4040 Wistar 1.48 ± 0.01 (16) 4.20 ± 0.50 (16) 25.0 
Campbell 1.42 ± 0.06 (16) 4.80 ± 0.60 (16) 22.0 

Notes: in brackets - the number of experiments; * - values differ significantly from the control (P :s; 0,05). 

rats. The results obtained show this ability to be practically the same in both animal groups 
(Fig. 3). 

The data obtained confirm our hypothesis about a certain discrepancy of iron status 
in rats with HDR at early stages of disease development. However, it should be pointed out, 
that the disturbances revealed differ from those taking place when iron deficiency is induced 
by iron depleted diets. In the latter case the content of TF protein increases compensatory 
and its saturation with iron markedly decreases (Taylor et at, 1991). 

Some Speculation about Possible Mechanisms of Iron Ions Involvement 
in Pathogenesis of HDR 

Cells maintain iron levels in part by regulating uptake of iron into the cell via the 
transferrin receptor (TFR) and by regulating the sequestration of iron into F. The syntheses 
of F, TF and TFR are regulated by iron, but in opposite directions. The synthesis of F is 
increased by iron; conversely, TF and TFR syntheses are decreased by iron and increased by 
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Figure 3. Kinetic dependences of blood serum transferrin saturation with iron in Wistar (solid line) and 
Campbell (dashed line) rats at 20 days of age.Absciss axis - time (minutes). Ordinate axis - optical density at 
wavelength 470 nm (* 10-3). 
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iron deprivation. The post-transcriptional regulation ofF, TF and TFR expression by iron is 
controlled by a cytosolic protein tenned as an iron responsive element binding protein 
(IRE-BP). 

IRE-BP was found in the different tissues: liver, spleen, lungs, marrow (Yu et 
al., 1992; Cox & Adrian, 1993). However, we did not find reports about the presence of this 
protein in eye tissues (retina, RPE). It is widely recognized, that IRE-BP level is regulated 
in cells of different tissues. The mechanism(s) by which cells establish tissue-specific levels 
ofIRE-BP appear to be complex. Finally, the functional activity ofIRE-BP detennines the 
content of basic proteins (TF, TFR, F) involved in iron metabolism in cells. 

Taking into account our data, we suppose the disturbance of the regulation of iron 
metabolizing proteins (TF, TFR, F) synthesis by IRE-BP occurs in the different tissues of 
rats with HDR at early stage of postnatal life. The discrepancy between the shifts of the 
values of blood plasma TF and its saturation with iron on the one hand and the values of the 
liver F and NHI content in the latter on the other hand supports this assumption. We believe, 
that the disturbance of iron metabolizing proteins synthesis mechanisms is caused by a 
change of the functional activity ofIRE-BP. 

As for eye tissues of Campbell rats, the disturbance of the IRE-BP functional activity 
may provoke a decrease ofTFR amount on the basolateral membrane ofRPE cells in diseased 
animals. It is generally believed, that iron ions are put into the retina from RPE cells. The 
lack of these ions evoked by the reduced ability of the RPE cells to accept these ions from 
the blood plasma may be a reason for a discrepancy of the retina's growing processes and 
one of the contributing factors to the retinal degeneration. Moreover, it is widely recognized 
that the iron ions are necessary for phagocytosis (it was shown for macrophages (Reit & 
Simmons, 1990)), hence it is possible to believe, that the decreased content of iron may also 
provoke the discrepancy of phagocytic ability in RPE cells. 

Our hypothesis coincides with studies on apoptotic cell death at HDR (Portera-Cail
lian et al., 1994; Chang et al., 1993 ), because it has been shown recently that iron deprivation 
may result in apoptosis in some cells (Fukuchi et al.,1994 ). 

As mentioned above, there is a compensation of shifts concerning the proteins 
involved in the iron metabolism in Campbell rats by 40-45 days of postnatal life, probably, 
due to the involvement of some additional mechanisms of regulation, which are unknown 
up to now. 

Apparently, in the early stage of postnatal life the changes in the iron status of 
organism are not dramatic for tissues, which are already fonned on the whole by the animal's 
birth. On the contrary, these changes may playa crucial role for the developing eye tissues 
at the early stage of the postnatal life of Campbell rats. 

It seems to be very important to clarify whether the phenomena revealed as the basis 
for our hypothesis also occur in other fonns of HDRs, especially taking into account the 
genetic heterogeneity of this pathology. A positive answer to this question will be a good 
stimulus for a study of the common mechanism in different fonns of HDR. 
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INTRODUCTION 

The degeneration of photoreceptors is regarded as pathological, for the tangible 
reason that it causes blindness. The causes of such degeneration include genetic defects 
specific to photoreceptors, many specific to the rhodopsin molecule, and genetic defects in 
the retinal pigment epithelium (reviewed in ref. 5 and this volume). The death of affected 
photoreceptors involves DNA fragmentation (2, 7, 8,18) characteristic of apoptosis or 
programmed cell death (3). This paper presents evidence from the rat and rabbit that DNA 
fragmentation occurs in committed photoreceptors in normally developing retina; that the 
affected cells undergo death; that this physiological death of photoreceptors occurs during 
a discrete period in retinal development, which coincides with the growth of inner and outer 
segments; and that, in the rcs strain of rat in which photoreceptors degenerate pathologically, 
the onset of their degeneration coincides with the onset of physiological degeneration. 

Death of cells in the outer retinal layers during normal development was described 
some years ago (4,14). The present description builds on these earlier reports in two ways. 
First, we followed the time course of cell death beyond postnatal life. The division of the 
neuroblast layer into the outer and inner nuclear layers marks the end ofthe major period of 
retinal neurogenesis (11,12). By tracing cell death beyond time of this division, we were able 
to examine whether retinal neurones die after they are committed, postmitotic neurones. 
Second, we identified dying cells with the TUNEL technique (3), which detects cells 
undergoing death at an earlier stage than the detection of pyknotic bodies, on which earlier 
studies relied. Our observations were made on the sections of the retina of albino and hooded 
rats, of two strains of rabbits (chinchilla and New Zealand), of a strain of rat (the Royal 
College of Surgeons (rcs) rat) in which the receptors undergo total degeneration, and of a 
congenic control (rdy) strain. 
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MATERIALS AND METHODS 

Eyes from albino and hooded rats, from rcs and rdy rats and from albino rabbits were 
fixed by immersion in 4% buffered formaldehyde. Fixation time was not critical and was 
usually overnight. Whole eyes were frozen sectioned at IOllm. The rat eyes were sectioned 
horizontally, and the rabbit eyes vertically. Sections were mounted onto the slides pretreated 
with poly-L lysine (Sigma). 

TUNEL labelling was performed following Gavrieli et al. (3). Each slide was 
immersed in 70% alcohol for 30 minutes, then in distilled water for 10 minutes. Endogenous 
peroxidase was inactivated with 3% H20 2 for 5 min at room temperature. The sections were 
then rinsed in distilled water (2 x 5 minutes). After this preparation, the elongation of exposed 
DNA fragments was performed in the following steps. Each slide was washed in TdT buffer 
(30 mM Trizma base, 140 mM sodium cacodylate, 1 mM cobalt chloride) for 5 minutes. Then 
each slide was covered with the reaction solution (l001l1 pipetted onto the section) and 
incubated in a humid chamber at 37°C for I h. The reaction solution was a mixture of the 
TdT enzyme (terminal deoxytransferase, Boehringer-Mannheim, final concentration 
0.3eu/lll) and biotinylated dUTP (final concentration 40IlM) in TdT buffer. The reaction was 
stopped by immersion in SSC (300mM NaCI, 30mM sodium citrate) for 15 minutes at room 
temperature. Non-specific binding was blocked by incubating the section in I % human or 
bovine serum albumin in PBS at room temperature for 20 minutes. The sections were then 
incubated in avidin-peroxidase, and the peroxide was visualised with the diaminobenzidine 
reaction. 

RESULTS 

Morphological Differentiation of Photoreceptors 

Two steps in the differentiation of photoreceptors were recognised morphologically. One 
was the formation of the outer nuclear layer (onl), which becomes distinct when the outer 
plexiform layer (opl) forms, dividing the neuroblast layer into inner and outer parts, which become 
the innernuclearlayer (inl) and the onl (Figures lA,B,C). This occurs between E 17 and PI 0 in the 
rat (1); between E31 and P6 in the rabbit (15). The neuroblast layer is the major site of retinal 
neurogenesis and, at its division, neurogenesis in the layer ceases (11,12). The cells of the onl are 
postmitotic, committed to become photoreceptors. The second morphologically distinct step in 
photoreceptor differentiation is the formation of the inner and outer segments, which occurs in the 
rat by Pcheck (l) and in the rabbit by Pcheck (13). 

DNA Fragmentation Occurs in All Layers of Retinal Neurones 

At birth in both rat and rabbit, TUNEL + cells were prominent throughout the 
thickness of the neuroblast layer (Figure IA) and in the ganglion cell layer. The labelling in 
the ganglion cell layer of the rat, in which blood vessels develop, may occur among 
endothelial cells as well as among neurones. Once the neuroblast layer had divided TUNEL + 

cells were detected in the inl (Figure lB) and onl (Figure 1 C). 

TUNEL-Labelled Cells Undergo Death 

Several lines of evidence suggest that the TUNEL + cells undergo death. First, the 
patterns of TUNEL + cells described here match descriptions of cell death based on identifi-
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Figure 1. A: At P(postnatal day)3 in the rat the neurones of the ganglion cell layer (gcl) have separated from 
the neuroblast layer, which is still mitotically active. TUNEL + (dark) nuclei are apparent throughout the 
neuroblast layer. B: At PI 0, TUNEL + cells are confined to the inner nuclear layer (inl). C: At P22,. TUNEL + 

cell are confined to the outer nuclear layer (onl). D-H: At high magnification, the TUNEL + structures include 
clumped nuclei, and often appear to be surrounded by a non-labelled cell. In some nuclei the label is dark 
around the edge of the nucleus (upper G), suggesting that DNA fragmentation occurs first at the edge of the 
nucleus. In other cases the labelled structures resemble pyknotic bodies (H). Occasionally the label appeared 
in the cytoplasm of a cell adjacent to a darkly labelled nucleus (H). 

cation of pyknotic bodies (4,14.16,19). Second, although some of the TUNEU structures 
resembled nuclei which might still be in situ in their cells (e.g. the upper labelled structure 
in Figure IE), others showed evidence of condensation and crowding suggestive of degen
eration, and some appeared surround by a phagocytotic cell which was TUNEL- (Figures 
ID-H), and others resembled pyknotic bodies (Figure IG, right). Further, some TUNEU 
structures were apposed by cells in which the cytoplasm was lightly TUNEL + (example next 
to the pyknotic bodies in Figure 1 G). This cytoplasmic labelling is presumably occurring in 
microglia or neurones which have ingested the fragmenting DNA of a dying neighbour. 
Finally, similar patterns of TUNEL labelling are seen in the rcs rat (below) in which 
photo receptors do degenerate. 

DNA Fragmentation Occurred Successively in the inl and onl 

After the division of the neuroblast layer into the inl and onl, TUNEL labelling was 
prominent in the inl in both rat (from P5) and rabbit (from P3). During this period TUNEL + 
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Figure 2. After formation of the inl and onl, labelling concentrated first in the inl, then in the onl. Labelling 
in the inl was strong in the albino rat at PIO (A), in the hooded rat at P9 (B) and in the rabbit at P3 (C). Labelling 
in the onl was strong in the albino rat at P22 (D), in the hooded rat at P20 (E) and in the rabbit at P 17 (F). At 
these ages, the receptor layer (rec) is well formed. 

nuclei were found throughout the thickness of the inl, but were absent from the onl (Figures 
2A,B,C). DNA fragmentation in the inl persisted until approximately P13 in the rat and PIO 
in the rabbit. 

As TUNEL + structures became less frequent in the inl, TUNEL labelling became 
apparent throughout the thickness of the onl (Figures 2D, E,F). TUNEL + structures in the 
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onl were most numerous in the albino rat, in which they were most prominent at age P22. 
When we searched this age period in the hooded rat, TUNEL + cells were again detected in 
the onl, shown for age P20 in Figure 2D. In the two rabbit strains, TUNEL + cells were 
detected in the onl from P9 -P 13. At later ages TUNEL + nuclei were not prominent in the 
oni. 

The res Rat 

In the developing rcs rat, TUNEL + cells appeared in the inl in numbers and patterns 
similar to those seen in the albino and hooded strains, and in an rdy reference strain (not 
shown). Figure 3A shows the appearance ofTUNEU cells in the inl at P15. The onl was 
normal in its morphology and, as in the control strains, was free of TUNEL + cells until 
approximately P 18. Thereafter TUNEL + cells were rare in the inl but occurred at abnormally 
high frequency in the onl (Figure 3B). By P20 labelling was prominent not only in nuclei of 
the inl, but also in the cytoplasm of cells which spread horizontally in the opl or extended 
radially across the opl, and were occasionally seen in the receptor layer (Figure 3C). At P40, 
TUNEL + labelling was still prominent in the onl (Figure 3D), and the onl was relatively thin; 
at this age TUNEL-Iabelling was no longer detectable in albino, hooded or rdy strains. 

DISCUSSION 

The TUNEL technique polymerises labelled UTP to the 3' OH ends of DNA, and 
dense labelling is evidence of the presence of many such ends, exposed by the action of 
endogenous nucleases (3). In our material the procedure labelled cells in all cell layers of 
the developing retina. The labelled structures included nuclei apparently in situ, but also 
pyknotic bodies, bodies enclosed by microglia, and the cytoplasm of neighbouring cells, 
confirming that the labelled DNA is from cells undergoing death. Recent interpretations (e.g. 
3,9, 10) suggest that such cells are undergoing apoptotic or programmed cell death. 

The TUNEL + cells occur in distinct spatial and temporal patterns. In the youngest rat 
retinas examined (PO), TUNEL + cells were common in the neuroblast layer, indicating that 
some potential neurones die during the process of neurogenesis. TUNEL + cells were also 

A: PIS res rat 

Figure 3. In the rcs rat, as in the other rat strains and the rabbit, TUNEL labelling appeared in the inl at about 
P9, and at P 15 was still restricted to the inl (A). By P20, labelling in the inl had subsided, but a massive labelling 
of cells in the onl was observed (B). At this age. the label appeared in a population of cells which lined up 
along the outer plexiform layer (B) but also were found in and even external to the onl (C). 
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prominent among postmitotic cells. During the late stages of neurogenesis, TUNEL + cells 
were prominent in the ganglion cell layer, which contains ganglion and amacrine cells which 
have left the mitotic cycle. As neurogenesis ended and the neuroblast layer separated into 
the inl and onl, TUNEL + cells became prominent first in the inl, then in the onl. These patterns 
suggest that waves of cell death occur in each of the three layers of postmitotic retinal 
neurones, first in the ganglion cell layer, then in the inl, then in the onl. 

The Normal Death of Photoreceptors 

The present results suggest that, in species free from genetic abnormality, a minority 
of photoreceptors undergo degeneration and that their death is part of an episode of cell death 
which affects all classes of postmitotic retinal neurones. Death among ganglion cells has 
been widely reported as part normal development (4,14.16,17,19). Death among cells of the 
inl has also been previously reported (4.14), but the present report is the first to observe a 
distinct late period of receptor degeneration. This is partly because earlier studies relied on 
the detection of pyknotic bodies in Nissl stained material, which may be a less sensitive 
indicator of cell death, and partly because those studies did not follow cell death after the 
formation of the onl. One recent study (7) used the TUNEL technique to characterize cell 
death in mice with genetic defects affecting photoreceptors, and reported a low level of cell 
death among photoreceptors in control mice. They did not, however, note a discrete period 
of raised frequency of receptor death. 

Comparative Observations 

Two comparative observations suggest interesting variants in photoreceptor degen
eration between presumed normal species and strains. Within the rat, the numbers of dying 
cells were consistently more numerous in the albino than in the hooded rat. Whether the 
higher death rate in the albino is related to the gene which causes its lack of pigmetnation, 
or due to higher light levels in the eye resulting from the lesser pigmentation of the iris and 
choroid, deserves investigation. Comparing rat and rabbit, dying cells were particularly 
prominent in the inl of the rabbit, being several times more frequent than in any layer of the 
rat retina. Whether the high rate of cell death in the rabbit relates to the larger size of the eye 
in this species, or to the lack of vasculature in the retina, also deserves investigation. 

Cytoplasmic Labelling by the TUNEL Procedure 

We were initially surprised to see TUNEL-Iabelling in the cytoplasm of cells. Such 
labelling may occur in (at least) two ways. The endonucleases which attack nucleic DNA 
may attack the periphery of the nuclear chromatin, creating the annular labelling of a nucleus 
seen in Figure 1 G (S. Ben-Sasson, personal communication). From the periphery of the 
nucleus DNA fragments may then spread into the cytoplasm of the affected cell. Alterna
tively, the DNA fragments may disperse in the cytoplasm of cells which ingest the dying 
cell. 

Receptor Differentiation May Be a Cause of Receptor Death 

Two features of the developmental timing of photoreceptor degeneration deserve 
note. First, the degeneration does not occur until the receptors have developed their inner 
and outer segments. Second, the pathological degeneration of photoreceptors in the rcs rat 
begins at approximately the same stage of photoreceptor development. These times of 
degeneration suggest that the onset of receptor function is a factor in the induction of receptor 
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death in both normal development and in the rcs rat. The role of receptor function in the 
induction of neuronal death remains to be elucidated. 
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INTRODUCTION 
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Primate vision is characterized by high acuity and color perception, each of which 
originate in cone photoreceptors. Visual sensitivity resides in rod photoreceptors. Adult 
Macaca monkey retina contains an average of 2.9-3.5 million cones and rods average 
60.1 million with considerable individual variation'. Macaca retinal topography is cen
tered on the fovea, a specialized region which contains only cones and has a depression 
in the inner retina. The monkey fovea has a cone density around 200,000/mm2 which 
drops rapidly into the periphery. Beginning on the foveal edge, rods rapidly increase in 
number and rod density peaks at the eccentricity of the optic disc in a circular ring that 
has a density close to that of foveal cones'·3. This distinctive topography results in a 
cone-dominated fovea and a rod-dominated periphery whose developmental patterns can 
be studied separately. 

Wavelength specificity is mediated by opsin which is the major membrane protein 
of cone and rod outer segment (OS)4,5. Monkey cones are divided into red or long wave
length specific (L), green or medium wave-length specific (M), and blue or short wave-length 
specific (S) subtypes. Immunocytochemical staining in adult human retina using an antibody 
specific for human S opsin has demonstrated that S cones are absent in the center of the fovea 6. 

In more peripheral retina of both humans and monkeys, immunocytochemical staining with 
antibodies to S opsin6-8, morphological characterization9 or vital dye marking ofOS'o finds 
that S cones comprise 6-10% of the total population. Rods pack the spaces between cones 
at all eccentricities except the fovea. Rods are absent from the foveal center in monkeys' 
and from a larger foveal central region in humans2. Rods are well characterized morphologi
cally, show relatively little change with eccentricity,,2 and contain a single photopigment 
called rhodopsin which also can be labeled immunocytochemically with well characterized 
antisera5. 
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The macaque monkey retina develops over a long period with birth occuring on fetal 
day (Fd) 165-170. Each developmental event involving photoreceptors such as cessation of 
mitosis, morphological differentiation, synapse formation or specific protein expression 
occurs first in the fovea at Fd 45-60. Each ofthese events then follows a central to peripheral 
sequence ll -13 which reaches the retinal edge between Fd125 and birth. At a given retinal 
eccentricity, rods are generated 10-14 days after cones ll • These developmental patterns make 
three predictions: 1) foveal cones should be the first to express opsin, 2) S opsin should be 
expressed after LIM opsin because S cones are lacking in the fovea and 3) rod opsin should 
lag both LIM and S opsin expression. Another measure of photoreceptor differentiation is 
the formation of synapses which are necessary for photo transduction information to be 
carried centrally. An additional question covered in this paper asks what is the sequence of 
synapse maturation compared to opsin protein expression. 

METHODS 

A series of fetal infant and adult retinal frozen sections contammg the entire 
horizontal meridian were stained using standard immunocytochemical techniques for single 
and double fluorescent labeling or for visualization with diaminobenzidine. Adult monkey 
retina sections were used to determine whether different antibody sets were recognizing the 
same cone types. Antibodies used to identify opsin phenotypes included 1) two monoclonal 
antibodies generated to chicken opsins which recognize LIM (COS-I) and S (OS-2) opsin8 

2) two polyclonal antibodies generated to known peptide sequences of human LIM and S 
cone opsins 14 and 3) a monoclonal antibody (4D2) to the N-terminus of rhodopsin5. Synapses 
were labeled with a monoclonal antibody to the synaptic vesicle protein SV2 which has been 
shown to be present in both rod and cone synaptic vesicles 13. 

RESULTS 

Double-label immunofluorescent staining in adult retina comparing mouse mono
clonal anti-LIM opsin (LiMmab) to rabbit polyclonal anti-LIM opsin (LiMpoly) showed 
completed double labeling of all LIM cone OS (Fig. I A,B), as did the comparable pair of S 
mab and S poly (Fig. I C,D). Rod OS are not labeled by either cone antibody set. In adult 
retina, cone cell bodies are not labeled. When Smab and LlMpoly antibodies were used for 
double labels, each OS was stained by only one antibody. Rod mab labeling was confined 
to rod OS which were stained very heavily while cell bodies were lightly stained, in contrast 
to cones (Fig.3 D). Labeling patterns were markedly different for the antibody sets in fetal 
retina. LlMmab was only detected when presumptive OS appeared (Fig. 2B), whereas the 
LlMpoly, Spoly, Smab and rod mab labeled the entire fetal cell membrane in addition to the 
developing OS (Fig. 2 A,C, D; Fig.3B). In all fetal retinas, Smab stained much more intensely 
than Spoly (Fig. 2C,D), each photoreceptor labeled for only one rod or cone opsin, and there 
was no cross-reactivity between antibody sets. 

An opsin comparison strategy was applied to serial frozen sections throughout 
monkey retinal development from Fd55-postnatal (P) I year. Adjacent sections were stained 
with Smab, LlMpoly or rod mab to determine the temporal and spatial sequences for opsin 
expression. Graphic summaries of the overall expression pattern of S, LIM and rod opsin 
expression are shown in Figs. 4 and 5. At Fd55-65 no opsin expression was detected. The 
first opsin detected was rod opsin which was present at Fd66 in rods on the foveal edge and 
scattered throughout the fovea. By Fd70, the most central foveal cones were labeled for LIM 
opsin, but no Smab immunoreactive cones were detected. At Fd75-80, rod, S and LIM opsin 
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Figure 1. 

stained individual peri foveal photoreceptors, and in and around the fovea it appeared that 
all photo receptors were expressing their opsin. 

All cell types showed the same general sequence of maturation. The most prominent 
staining at early ages in both rods and cones was in the presumptive developing OS embedded 
in the apex of the enlarging inner segment (Fig.3 A,B). The entire photoreceptor cell 

Figure 2. 
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Figure 3. 

membrane was more lightly labeled including the developing synaptic pedicle. As the OS 
lengthens, cell membrane labeling decreases. Cone membrane labeling disappears 30-40 
days after initial opsin expression but rods continue to show very light cell body labeling 
into adulthood. 

Once rod and S opsin began to be expressed in photoreceptors outside the fovea, 
labeled rods and S cones always were present at more peripheral eccentricities than labeled 
LIM cones (Fig. 4 and 5). Rods typically were labeled slightly more peripherally than S 
cones so that rods reach the retinal edge by Fdl32, S cones by Fdl40, and LIM cones at 
Fdl45. A major difference between photoreceptor types is that the most peripheral and 
presumably youngest S cones at all ages have fine processes resembling telodendria 
extending from the synaptic pedicle into the outer plexiform, inner nuclear and outer nuclear 
layer (Fig. 2C). These were not present on LIM cones or rods. 

Previous work from our laboratory has shown that immunoreactivity for SV2 and 
ribbon synapses identified by EM are both present in foveal cones at Fd60 and in cone 
pedicles at the retinal edge by Fdl25 13 . This means that synapses form about a week before 
cone opsin expression in central retina, and this delay is closer to three weeks in the far 
periphery. Peri foveal rods label with SV2 later than cones, and also form ribbon synapses 
later than adjacent cones, but the exact timing of rod opsin expression and synaptic formation 
still is uncertain for most retinal eccentricities. These data are summarized graphically in 
Fig.S. 
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DISCUSSION 

Based on staining with these immunocytochemical markers, a complex pattern of 
primate photoreceptor differentiation emerges. In the fovea, cone synapses are generated 
about a week before LIM cone opsin is expressed. In rod-dominated peripheral retina, cone 
synaptic pedicle labeling for SV2 reaches the retinal edge prior to either S or LIM opsin, 
indicating that the same pattern of synapses>opsin continues across the retina. There is less 
hard data on synaptic formation in rods, so the exact timing of rod opsin expression and rod 
synapse formation is incomplete. In the peri foveal retina opsin expression and synapse 
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formation in rods occur very close together 1 3, 15 so it is possible that they form simultane
ously. 

Our first prediction that foveal cones should be the first to express opsin is substan
tiated with these data. This result and that ofWikler and Rakic 16 adds cone opsin expression 
to previous studies which have shown that the fovea is the focus of differentiation in the 
primate retina where cells first cease mitosis, morphologically differentiate, and form 
synapses. Our second prediction that S opsin should lag LIM opsin expression in primates 
was supported only in the fovea where S cones are very sparse. Outside the fovea, Scones 
are labeled farther in the periphery compared to LIM cones, indicating that proportionately 
"younger" S cones express opsin. An earlier retinal whole mount study using LlMpoly and 
Spoly antisera in the fetal monkey retinal 6 found LIM opsin present in foveal cones at Fd80, 
but S opsin did not appear until Fd 1 00-11 O. This is opposite to opsin expression sequences 
described for other vertebrate retinas. In Zebrafish17 and mouse 18, S opsin appears before 
LIM opsin, similar to our results in peripheral primate retina. Both primate studies agree that 
the first detectible cone opsin is LIM and that this is found in the foveal cones. Given that 
few rods or S cones are present in the fovea, this region might have different developmental 
conditions from the rest of the retina. Peripheral primate retina appears to have a pattern 
more consistent across species because we find the same S>LlM sequence as in the 
rod-dominated nonfoveate retina of mice18 and the cone-dominated retina of Zebrafish 17. We 
ascribe the difference in sequences between the two primate studies to the relatively weak 
immunoreactivity shown by the Spoly antisera in fetal retina which could influence the 
ability to recognize early S cones in retinal wholemounts. In preliminary studies we have 
confirmed that Smab detects cones consistently more peripherally than Spoly. 

Our third prediction that rods will express opsin after cones was not supported by 
our results. This means that birthdate order for photoreceptors is not necessarily a predictor 
of the order in which specific proteins are expressed. In addition, it appears that even though 
rods become postmitotic at least 2 weeks after cones, they express their opsin on a faster 
time schedule. For instance on the foveal edge rods are born at Fd45-5011 and express their 
opsin by Fd66-70 15• Because rods express only one opsin protein the need for a secondary 
decision of phenotype choice is unneccessary, unlike cones which must "decide" whether to 
be LIM or S. Thus, shortly after a rod becomes postmitotic, the cell begins a differentiation 
program to express the requisite rod proteins. 

There is a long "dark period" between cone generation and opsin expression; for 
instance, foveal cones are generated at Fd36-45 11 but we find that opsin is not expressed in 
these cells until Fd70. In the case of cones, does the cone "know" which opsin it will express 
when it is generated, or is this information subsequently impressed onto the cone by 
epigenetic factors? Wikler and Rakic 16 proposed two possible mechanisms for cone mosaic 
organization. The first is that all cones initially express LIM opsin and then a small number 
later switch to S opsin which has been shown recently to occur in gerbil retina 19• We find no 
evidence for this mechanism in monkeys because Smab and LlMpoly double-label immu
nocytochemistry found no double-labeled cones at any age. The second is that a subset of 
"precocious" peripheral cones directly organize the subsequent photoreceptor mosaic via 
unspecified intercellular interactions. They proposed that scattered LIM cones play this role. 
We did not find this population at the leading edge of opsin expression in our study, rather 
LIM cones formed a solid front which was consistently more central than the single Scones. 
Instead, we find that S cones, are 10% of the population even at young fetal ages, and 
consistently are the most peripheral cones which express opsin. These peripheral Scones 
have fine basal processes resembling telodendria which extend 6-10 /-lm from the pedicle 
into the surrounding outer retina (Fig. 2 C). As proposed by Wikler and Rakic 16 these Scones 
could be the organizers who use their telodendria to set up a scaffold of cell-cell contacts to 
inhibit surrounding cones from expressing S opsin, but allow them to randomly express 
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either Lor M opsin. Random choice could yield the final adult Old World monkey cone ratio 
of lM:lUo. 

Another factor in determining opsin expression could involve information transfer 
from deeper retinal layers, with the signal to express opsin induced by or dependent on the 
formation of synapses. Before there is any evidence of opsin expression, foveal cones form 
synapses with their bipolar cells which in tum already have formed synapses onto ganglion 
cell dendrites I 3, 21. Transgenic mice carrying the human S opsin gene express S opsin in S 
cones and a bipolar cell subset22•23 . Although we have no evidence that any fetal bipolar cells 
express opsin in primate retina, these early cone/bipolar synaptic contacts could have other 
functions. Current EM studies are underway to obtain more exact chronological data on 
whether rods also form synapses before they express opsin. If they do not, the role of the 
inner retina in opsin phenotypic choice would be less likely. 
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INTRODUCTION 

23 

Papers relating to previous experimental and clinicopathologic studies have reported 
contradictory results concerning the "maturity" of subretinal new vessels, and the develop
ment and evolution of new morphological features related to changes in the permeability of 
subretinal membranes. 

The literature included descriptions of both "immature" and "mature" features; the 
former characterized by a substantial lack or a decrease in fenestrations (Gehrs et aI, 1992; 
Ishibashi et ai, 1987; Okhuma et aI, 1983), the latter as having a well fenestrated appearance 
(El Dirini et ai, 1991; Van der Zypen et aI, 1985; Miller et aI, 1986). 

In previous papers (Orzalesi et ai, 1993; Orzalesi et ai, 1994), we reported the 
experimental retinal degeneration and subretinal neovascularization (SRN) induced by 
naphthalene in the rabbit, which was characterized by initial photoreceptor damage but 
without any lesion of Bruch's membrane or of the retinal pigment epithelium (RPE). 

In order to clarify the nature of these newly-formed vessels, we here report 
the results of a morphometric study of the different types of capillaries found during 
the course of this process. We investigated a series of parameters which are considered 
as "standard references" for the evaluation of the "maturity" and the proliferative 
state of the choriocapillaries during the course of the development of experimental 
SRNs: wall thickness, the lumen of the vessels, the number of fenestrations and 
cytoplasmic buds, the interruptions and duplications of the basement membrane and 
the presence of pericytes. 

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al. 
Plenum Press, New York, 1995 203 
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MATERIALS AND METHODS 

A 10% (wt/vol) solution of naphthalene dissolved in paraffin oil was administered 
to 20 adult rabbits by gavage on alternate days for 5 weeks. The intoxicated rabbits were 
killed 30, 90 and 180 days after the beginning of treatment and their eyes were processed 
for light and electron microscopy. All of the rabbits sacrificed at 90 and 180 days had 
developed subretinal new vessels. Four rabbits were used as controls (for further details see 
Orzalesi et aI, 1993 and Orzalesi et aI, 1994). 

Six different samples were considered: 

1. the choriocapillaries of control eyes, 
2. the choriocapillaries 30 days from the beginning of treatment in the areas facing 

the foci of initial retinal degeneration 
3. the choriocapillaries 90 and 180 days from the beginning of treatment, around the 

subretinal new vessels and below the intraretinal "neovascular complex", 
4. the newly-formed subretinal vessels, 
5. the vessels of the late intraretinal "neovascular complex", 
6. the choriocapillaries in areas showing no retinal or pigment epithelium damage 

90 and 180 days from the beginning of treatment. 

The vessels were photographed by means of transmission electron microscopy 
(TEM) at a magnification of 13,000x for montaging. The measurements were made on 
photographic enlargements (final magnification 32,500X) of the TEM photographs of the 
vessels of the six samples. The calibration of the electron microscope and the enlarger were 
carefully controlled. 

Forty complete vascular profiles were randomly selected from each sample and 
analysed by means of a MOP Videoplan (Kontron, Munich, Germany) image analysis 
system. 

For each vessel, the following parameters were measured: the perimeter (I!m) and 
area of the lumen of the vessel (I!m2), the outer perimeter of the endothelial cells lining the 
vessel (I!m), the total area of the vessel (lumen plus endothelial cells) (I!m2), and the number 
of cytoplasmic buds (budsll 0 I!m). 

The wall thickness (i.e.the average endothelial cell thickness) was calculated using 
the method of Wallow et al. 

The number of fenestrations was referred to the perimeter of the capillary (num
ber/J.1m), normalized to the standard of 10 J.1m. 

The pericyte coverage was calculated by measuring the right-angle projection of 
these cells on to the endothelial cells. This measurement was referred as the percentage of 
the perimeter of the vessel. The endothelial cell basement membrane interruptions and 
duplications were calculated in a similar way. 

The measurements were statistically analyzed by means of independent Student 
T-test. 

RESULTS 

The complete results are reported in Tables 1 and 2. No statistically significant 
differences were found between sample 1 and 2 and between sample I and 6. 

In comparison with controls, the vessels of sample 3 showed a reduced area of the 
lumen (37.2 J.1m2 vs. 60.6 J.1m2), and lumen/vessel area (48.4% vs. 77.1 %), a reduced number 
offenestrations (1.66/10 J.1m vs. 2.6/10 I!m), an increased wall thickness (0.27 J.1m vs. 0.16 
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Table 1. 

Samples 

2 3 456 

Vessel area 78.7 (± 24) 77.8 (± 21) 74.9 (± 23) 74 (± 17) 75.2 (± 23) 81.4 (± 22) 

(flm2) 

Lumen area 60.6 (± 19) 58.6 (± 14) 37.2 (± 13): 42.9 (± 10): 54.9 (± 21) 60.5 (± 22) 

(flm2) 

% lumen 77.1 (± 5) 76.3 (± 5) 48.4 (± 8)t 59 (± 11): 71.2 (± l1)t 74.4 (± 4.2) 
Pericytes* 3.17 (± 5) 3.88 (± 4) 12 (± 6.6): 14.5 (± 7): 14.7 (± 5): 2.01 (± 3.5) 

BudsllO flm 0.01 (± 0.02) 0.02 (± 0.05) 0.15 (± 0.13): 0.16 (±O.I): 0.12 (±0.11): 0.02 (±O.O) 
Membr. interr.* 0.2 (± 1) 1.77 (± 3.9) 10.1 (± 6.3}t 10.4 (± 4): 8.79 (± 6): 0.2 (± 0.9) 
Membr. 0.61 (± 3.2) 1.3 (± 3.6) 10.8 (± 6): 8 (± 4.2): 15.4 (± 8): 0.1 (± 0.8) 
duplic. * 

*Percent of the vessel perimeter covered by pericytes or interruptions or duplications of the basal membrane. 
tp < 0.05. 
tp < 0.01. 

J..lm) and pericytes coverage, and a greater number of buds, interruptions and duplications of 
the basement membrane. These differences were statistically significant (p< 0.0001). 

In comparison with controls, the newly-formed subretinal vessels (sample 4) and the 
neovascular complex (sample 5) showed a reduced area of the lumen (42.9 J..lm2 and 54.9 
J..lm2 vs. 60.6 J..lm2) and lumen/vessel area (59% and 71.2 % vs. 77.1 %), a reduced number 
of fenestrations (2.16/1 0 J..lm and 2.54 /1 0 J..lm vs. 2.6/1 0 J..lm), an increased vessel wall 
thickness (0.20 J..lm and 0.18 J..lm vs. 0.16 J..lm) and pericyte coverage, and a greater number 
of buds, interruptions and duplications of the basement membrane. 

For sample 4, these differences were all statistically significant; for sample 5, only 
the differences in lumen/vessel area, pericyte coverage, buds, basal membrane duplications 
and interruptions were statistically significant. 

Between samples 4-5 and sample 3 there were statistically significant differences in 
lumen/vessel area (59% and 71% vs. 48%), the number of fenestrations (2.16/10 J..lm and 
2.5111 0 /olm vs. 1.6611 0 /olm) and wall thickness (0.20 /olm and 0.17 /olm vs. 0.27 /olm). 

The wall thickness and the number of fenestrations of sample 4 were further divided 
in two sub-samples: the part of the vessel below (sub-sample 4A) and above Bruch's 
membrane (sub-sample 4B). These two sub-samples differed substantially, as sub-sample 
4B was similar to the controls, whereas sub-sample 4A showed statistically significant 
differences (the wall thickness was 0.18 J..lm in 4B vs. 0.21 J..lm in 4A and 0.16 J..lm in controls; 

Sample 

I 

2 
3 
4a 

4b 

5 
6 

Table 2. 

Fenestrations * 

2.6 (± 0.4) 

2.65 (± 0.3) 

1.66 (± 0.3)t 

2.16 (± 0.2)t 

2.56 (± 0.3) 

2.51 (± 0.3) 

2.66 (± 0.2) 

*n° of fenestrations/lOflffi. 
tp 0.01. + 

Vessel wall (flm) 

0.16 (± 0.04) 

0.16 (± 0.04) 
0.27 (± 0.07)t 

0.22 (± 0.07)t 

0.18 (± 0.05) 

0.17 (± 0.05) 

0.17 (± 0.04) 
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Figure 1. (A) Sketches of the samples I, 2, 3. (B) Sketches of the samples 4, 5, 6. RPE: retinal pigment 
epithelium; B: Bruch's membrane; E: endothelial cell; P: pericyte. (See text for explanation.) 

the number of fenestrations was 2.56/1 0 11m in 4B vs. 2.16/1 0 11m in 4A and 2.6/1 0 11m in 
controls) (Fig. lA, IB). 

DISCUSSION 

The above results show that there are remarkable differences in a series of vascular 
features of the choriocapillaries which develop during the course of subretinal neovascular 
proliferation after naphthalene poisoning of the retina. 

In sample I, the choriocapillaries showed their mature features, with thin-walled 
endothelial cells rich in fenestrations, and lined by a continuous monolayered basement 
membrane, and rare pericytes. 

The choriocapillaries in sample 2, taken at the level of the early retinal lesion, did 
not show any significant changes from those ofthe control sample, thus confirming that SRN 
in this experimental model follows the degeneration of photoreceptors and the reaction of 
RPE. 

In sample 3, the choriocapillaries below the foci of advanced retinal degeneration 
have immature features and are lined by an increased number of pericytes that suggests the 
proliferating activity of both types of cells. 
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Of particular interest is the appearance of the subretinal newvessels analyzed in 
sample 4, which show relatively "mature" features mainly represented by thin-walled and 
fenestrated endotelial cells (4B) at the tip of the vascular sprout, which is ensheathed by RPE 
cells, as well as an "immature" thick-walled, non-fenestrated endothelium on the choroidal 
side of the vessel (4A). 

In sample 5, the newly-formed capillaries, which give rise to "neovascular com
plexes" completely surrounded by polymorphus RPE cells, show fully established mature 
features with a loss of polarization. 

The normal appearance of the choriocapillaries in sample 6, taken from areas of the 
retina spared by the degenerative and neovascular changes, further demonstrate the focal 
nature of the retinal damage induced by naphthalene. 

The reconstruction of dynamic processes like SRN on the basis of morphological 
data suffers from the discontinous analysis of the event. Nevertheless the difficulty to 
investigate SRN by other means and the increasing importance of this condition as a 
devastating retinal disease prompts us to draw some conclusions about the data supplied by 
the naphthalene model ofSRN. 

In this model, which from the morphological point of view closely resembles SRN 
found in age related macular degeneration, the newly-formed vessels seem to arise from the 
normal choriocapillaries in the area where the poison has induced damage to the photore
ceptors and RPE reaction. 

Damage to the choriocapillaries which characterizes other models of vascular reac
tion such as iodate poisoning (Korte G, 1989) was not seen in this case, but vascular 
proliferation was accompanied by dedifferentiation of the endothelium with the appearance 
of "immature" choriocapillary characteristics. These changes were limited to the choroidal 
side of the vessel, but on the retinal side, "mature" features were generally seen. This is in 
agreement with the autoradiographic study in the rat model of SRN following Krypton laser 
photocoagulation, where the tips of the neovascular tufts, once they had penetrated Bruch's 
membrane did not proliferate, and the endothelial cells further back along the vascular stalk 
divided (Zhang NL et ai, 1993). According to previous studies (Mancini et ai, 1986), it is 
also possible that RPE modulates the vascular tufts, once they have proceeded to the retinal 
side, thus inducing the appearance of "mature" features. These features characterize the 
"neovascular complexes", seen in the advanced stages, which are completely surrounded by 
RPE cells. 

Another significant aspect is the dramatic increase in the number of pericytes 
covering the newly formed vessels in all stages of their proliferation. The role of these cells 
in SRN is controversial as they have been found to increase in some cases (Archer DB and 
Gardiner TA, 1981) but be reduced in number or absent in others (Van der Zypen et ai, 1985; 
Ishibashi et ai, 1987; Ishibashi et ai, 1994). 
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INTRODUCTION 

24 

Argon laser photocoagulation is a technique which is routinely used in clinical 
practise for a wide variety of retinal problems. Early studies largely done prior to and shortly 
after the introduction of laser photocoagulation examined the mechanisms of photocoagu
lation and the histological consequences for the retina at the coagulation site (I). These 
studies showed that the light energy was largely absorbed by the pigment epithelial cells and 
that damage to the overlying photoreceptors and inner retina was predominantly due to 
thermal conduction from this area of absorption, and sometimes also due to mechanical shock 
wave effects especially when a Q-switched laser was used. However, many of the effects of 
laser photocoagulation are not readily explained by the known changes in retinal structure 
at the coagulation site. For example, the dramatic effect of pan-retinal photocoagulation in 
reversing the invasion of the macula by newly formed blood vessels which occurs in diabetic 
retinopathy appears to be due to action at a distance because the photocoagulation is done 
in the periphery (2). Similarly a grid photocoagulation pattern is as effective in containing 
sub-retinal vascular growth as coagulation aimed specifically at the growing vessels. In 
certain animal models of the inherited retinal degeneration retinitis pigmentosa it had been 
noted that mechanical injury to the retina could paradoxically slow the photoreceptor loss 
(3). This prompted us to examine whether controlled photocoagulation could have similar 
effect and we found that there was indeed increased survival of photoreceptors on the flanks 
of the coagulation lesions (4). All of these cases suggest that there may be alterations to the 
retina at some distance from photocoagulation lesions which have profound effects on the 
maintenance of retinal cells and on blood vessel stability. Therefore we have examined 
various cellular markers to examine whether there are changes in the retina distant from 
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photocoagulation lesions and to better understand what happens following photocoagula
tion. Photocoagulation also provides a uniquely localised injury which is useful for basic 
studies of the injury response and how it can be modulated. All of the results presented here 
are from studies of dystrophic or congenic control Res rats with argon green laser lesions 
performed in the superior retina as previously described (4). 

MULLER CELL RESPONSE 

Glial fibrillary acidic protein (GFAP) is an intermediate filament cytoskeletal 
protein which is constitutively expressed in retinal and brain astrocytes (5). The Muller 
glial cells do not normally express GFAP but will do so after a variety of injuries (6). 
Therefore GFAP expression is a good marker that the Muller cell is responding to an 
injury stimulus. Many of the injury stimuli that have been shown to induce Muller cell 
GFAP expression are themselves of long duration however following photocoagulation 
healing is quite rapid. Immunocytochemical labelling for GFAP demonstrated that in both 
dystrophic and control retinas the GFAP is first weakly detectable by 12hrs and at 24hrs, 
prior to any changes in retinal thickness due to degeneration there is expression in Muller 
cells surrounding the coagulated region although not in the core itself (Fig la). As 
phagocytosis of the lesion core proceded the Muller cells sprouted to form a glial scar 
in the core which extended into the choroid in heavy lesions where Bruch's membrane 
was penetrated (Fig I b). The core scarring was well advanced by 7 days and appeared 
settled by 14 days but GFAP expression in surrounding Muller cells was present for at 
least 1.5 months. GFAP is a cytoskeletal protein and may therefore have a relatively long 
half-life. Therefore we examined the expression of GFAP mRNA following pan-retinal 
photocoagulation in congenic control ReS rats using a semi-quantitative peR technique 
(7). 

The results showed that the mRNA levels were normally not detectable after one 
round of 25 cycles of peR amplification but that at 1, 2 and 3 days after photocoagulation 
the expression of GFAP was readily detectable. After 3 days the levels dropped back to 
normal despite the continued GFAP immunoreactivity of the Muller cells for over a month 
after this (Fig 2). Therefore it would seem that the stimulus for increased GFAP production 
is actually present for only a few days after photocoagulation and that the GFAP has a slow 
turnover rate. This pattern of a transient elevation in mRNA levels is similar to that found 
in the brain after spreading cortical depression, a phenomenon which is reversible and not 
thought to produce neural destruction (8,9). When neuronal destruction does occur mRNA 
levels stay high for a much more extended period (10). It is not known whether the GFAP 
expression significantly alters the function of Muller cells however blockade of GFAP 
expression in astrocytes by using antisense DNA prevents hypertrophy and division in 
response to injury (11). 

bFGF LOCALIZATION 

Elevated bFGF in brain lesions is thought to be a stimulus for glial reactions and 
it is known that Muller cells can also respond to bFGF (12, 13) and that exogenous bFGF 
can prolong the survival of photo receptors in the Res rat retina (14). Therefore we also 
examined bFGF localization after photocoagulation. Immunolocalization initially showed 
increased bFGF levels in the coagulated outer segment region for the first few days but 
otherwise very little change. However at later stages (from 2 to 21 days) there was an 
elevation of bFGF in the endothelial cells of the retinal blood vessels in the outer retina 
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Figure 1. Macroglial, bFGF and IgG changes after photocoagulation. A: GFAP immunoreactivity 1 day after 
coagulation. In the core of the lesion there was no reaction but in the flanking region the Muller cells expressed 
GFAP along their entire length. B: At 7 days the coagulated photoreceptors had been removed and GFAP 
positive Muller cell processes formed a dense scar which sometimes (as here) extended into the choroid. C: 
At 14 days after coagulation the intense bFGF immunoreactivity in the outer blood vessels was particularly 
evident (arrow head), the inner vessels were also labeled but less strongly (arrow). The photoreceptors on the 
flanks also showed an elevation of bFGF immunoreactivity. D: At 1 day after coagulation IgG was localised 
to the outer segment region and outer plexiform layer. Occasionally cells in the inner nuclear layer were labelled 
and the inner segment/outer limiting membrane region was labelled. Scale bar = 50 microns and applies to all 
micrographs. 

(Fig 1 c). This elevation was not localized exclusively to the lesion core but extended for 
several hundred microns. The inner vessels were also labelled but much less strongly 
than the outer vessels. At 7-14 days there was also a slight but consistent elevation in 
the outer nuclear layer on the flanks ofthe lesion core. Thus the bFGF changes surrounding 
the coagulation core tended to occur at late stages but spread considerably and were 
focussed on the blood vessels and photoreceptor cells, the two cell types for which we 
have the most evidence for responding to photocoagulation. Therefore bFGF is likely to 
be involved in the effects on these cell types but the precise mechanisms may be difficult 
to work out. Many retinal cells contain bFGF and therefore subtle changes in localization 
or action may be difficult to detect also the form of the bFGF may be important, for 
example whether bound to heparan sulphate proteoglycans or not. In our peR studies it 
was paradoxically found that bFGF mRNA levels dropped dramatically from 3 days until 
beyond 7 days (Fig 2). The significance of this is obscure although it may be a down 
regulation in response to the shifts in bFGF. 
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Figure 2. mRNA after laser photocoagulation. Following pan-retinal photocoagulation RCS-rdy+ retinas were 
removed at vari.ous times, the RNA extracted, converted to cDNA and then the beta-actin, GFAP and bFGF 
amplified by PCR. The samples were then run on a gel and the relative intensities of the bands graded 
qualitatively on a scale of 0-4. The constancy of the beta-actin levels are controls for the quality of the RNA 
extraction and amplification for each sample. The GFAP mRNA was elevated at 24 and 48 hrs but was already 
reduced by 72 hrs. bFGF mRNA was unaltered by 48hrs but at 72 hrs was undetectable and had not recovered 
to normal levels by 7 days. 

BLOOD-RETINAL-BARRIER BREAKDOWN 

It is known that the blood-retinal-barrier (BRB) breaks down following pho
tocoagulation (15). This breakdown allows serum molecules to enter the retina and 
this may be important in the generation of cellular responses, particularly at a distance 
from the lesions as it has been reported that some molecules may enter the vitreous. 
Muller cells, in particular, have been shown to respond to thrombin in a dose dependent 
manner by dividing (16). In order to examine the entrance of serum molecules into 
the retina in the context of the other changes we have been examining we used 
immunolabelling for the rats own immunoglobulins. The IgG molecule is relatively 
large and therefore indicates where the breakdown was extensive. At no stage was 
there any evidence for IgG leakage from the retinal vessels. However, for the first 
three days after photocoagulation there was IgG present in the retina consistent with 
a breakdown of the barrier between the retina and choroid formed by the pigment 
epithelial cells. The IgG which entered the retina had a very characteristic distribution 
which varied according to the retinal layer. At 1-2 days the coagulated outer segment 
region contained IgG, as would be expected after a breakdown of the pigment epithlial 
barrier. Strong immunoreactivity was also located in the outer nuclear layer but this 
was confined to the coagulated region with a very sharp boundary to the flanking 
regions (Fig 1 d). By contrast label in the region of the outer limiting membrane/ inner 
segments spread for a considerable distance from the lesion site. For example, after 
a grid of lesions superior to the optic nerve head, the inner segment region was 
labelled inferior to the optic nerve. In the first 24 hours there were occasional cells 
or regions labelled in the inner nuclear layer but otherwise there was very little entry 
of IgG to the inner retina. Thus, at least for IgG molecules there is extensive spread 
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at the level of the outer limiting membrane but otherwise the label is confined to the 
outer retina within the coagulated lesion core. 

PHAGOCYTIC CELLS 

In recent years there has been a growing awareness that interactions between the 
immune and inflammatory system and the nervous system can be very important for the 
response of neural tissue to injury. In photoreceptor dystrophies phagocytic cells migrate 
from the inner retina to remove the dying cells (17). However, in the case of ganglion 
cell death after optic nerve section there is evidence that the phagocytic cells activily 
destroy cells which would normally survive for longer (18). The response of phagocytic 
cells to photocoagulation is not well understood largely because of the complexity of the 
situation. Thus, there are retina-resident microglial cells which can act as phagocytic 
cells, as well as blood borne cells such as monocytes which can enter the injured region 
and also pigment epithelial cells which bud from Bruch's membrane and migrate into 
the retina. In order to get a better understanding of which phagocytic cells are primarily 
involved in the response to photocoagulation we immunolabelled adjacent sections with 
Ox-42 antibodies, which identify phagocytic cells by C3b-complement receptor expres
sion (18), ED 1 antibodies which identify monocyte derived cells, ED2 antibodies which 
identify tissue resident macrophages (20), and Ox-6 antibodies which identify the MHC 
type II molecule and therefore cells capable of antigen presentation (21). Ox-42 normally 
labels the microglial population which is located in the inner retina (up to and including 
the outer plexiform layer). In the first 6-12 hours elongated Ox-42 positive cells extended 
into the outer nuclear layer and into the outer segment region in the coagulated core. 
This location and the morphology of the cells identified them as microglia. Alhough 
actively migrating these cells did not express either of the ED antigens nor MHC II. 
However, at the same time there was an aggregation of Ox-42 positive globular cells 
within the choroid underlying the coagulated core. Many of these cells were ED 1 positive, 
indicating that they are of monocyte origin, and many were also MHC II positive indicating 
that they are potential antigen presenting cells. Only a few of the cells were ED2 positive 
so there was less of an aggregation by tissue resident macrophages. For the first 7-14 
days there was a dense aggregation of Ox-42 positive cells in the coagulated core where 
phagocytosis was most active (Fig 3a) and also where Muller cells were most actively 
sprouting (Fig 1 b). Many of these cells were ED 1 positive but at no stage were ED2 or 
MHC II labelled cells found within the retina (Fig 3b,c,d). At 7 days, comparatively late 
in the sequence of phagocytosis, some of the inner retinal microglia which had migrated 
into the injury area expressed EDI antigen patchily on their somas and processes. Thus 
microglia are able to express ED 1 antigen but they only do so quite late in the sequence. 
Our data is therefore consistent with a very early migration of adjacent microglia into 
the lesion core, as we have previously demonstrated in the rabbit (6), and a clustering 
of monocytes and some tissue-resident macrophages in the choroid and sclera underlying 
the lesion zone. A dense aggregation of phagocytic cells is formed in the lesion core and 
these must be partly made up of migrated microglia and monocytes. The absence of ED2 
expression suggests that the choroidal tissue-resident macrophages do not cross Bruch's 
membrane. None of these cells expressed MHC II antigen despite expression by many 
of those cells aggregated in the choroid. In the regions flanking the coagulated zone there 
was little change apart from a replacement of the cells which migrated into the injured 
zone. Thus it would appear that the phagocytic and inflammatory response is relatively 
mild and contained, possibly due to the very rapid response of the microglia reducing 
the stimulus to non-retinal phagocytic cells. The absence of any MHC II expression 
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Figure 3. Phagocytic cells at 7 days after coagulation. Parallel cryostat sections through a coagulation lesion 
at 7 days, scale bar = 50 microns. A: Ox-42 immunoreactivity labels microglial cells in the inner retina and 
also a dense aggregation of cells in the lesion core and in the choroid and sclera. B: ED I label for monocyte 
origin cells labels some cells in the core, choroid and sclera and, at this stage also labels some microglial 
processes_ C: ED2 label for resident macrophages only labels cells in the choroid and sclera. D: Ox-6 label for 
MHC II expression only labelled cells in the choroid and sclera. 

actually within the retina is consistent with the reduced immune responses reported in 
the sub-retinal space. 

SUMMARY 

In summary, argon laser photocoagulation produces an intense but rapidly resolved 
cellular reaction in the coagulated core where there is an elevated level of serum molecules 
and bFGF for the first 3 days. Rapid phagocytosis occurs through the action of migrated 
microglia and monocytes which do not, however, express MHC II markers at any stage. This 
phagocytosis is accompanied by dense Muller cell scarring which can extend into the choroid 
when Bruch's membrane is breached. In the retina surrounding the coagulated zones there 
are also changes. The most dramatic is the expression of GFAP by the Miiller cells which 
persists for 1-1.5 months. However, our PCR studies indicate that elevated synthesis only 
occurs for 3-4 days after the coagulation and therefore that the stimulus for this is only 
transient. The extent to which GFAP expression alters Muller cell function is a relatively 
unexplored area. Accompanying these distant Muller cell reactions we have found that even 
large serum molecules such as IgG can spread over wide distances at the level of the 
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photoreceptor inner segments/outer limiting membrane. The outer retinal blood vessels also 
become bFGF immunoreactive over a considerable distance while the outer nuclear layer 
has a similar increase but in a more restricted area. The phagocytic cell response by contrast 
was more focussed on the primary injury area. Thus the longer distance interactions, at least 
with the markers we have used, emphasise the Muller cells and the blood vessels. There is 
evidence that the Muller cells are responsible for blood-retinal-barrier formation (22) and 
so this is a natural link. When we understand the Muller cell-blood vessel interaction more 
fully we may better understand the mechanisms of the laser effect in diabetic retinopathy 
and thus be in a better position to prevent or control this condition. 
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INTRODUCTION 

25 

It is the silver anniversary of the isolation of Drosophila retinal degeneration mutants. 
The genes are still of substantial interest. Progress in neurobiology, developmental genetics 
and signal transduction has intensified as new molecular biology methods are applied. 
Retinal degeneration mutants display substantial cell death, informative by its specificity 
and its relationship with the visual excitation cascade. Other visual mutants best known for 
defects in visual pigment or phototransduction have various dystrophies. Light treatments 
and carotenoid deprivation also result in well-defined photoreceptor cell abnormalities. 
Since retinal degeneration in Drosophila was recently reviewed (1, 2, 3), the purpose of this 
paper is limited to presenting an overview and our recent data. 

Historical Perspective 

Pioneering mutant isolations (4, 5, 6, 7, 8,9, 10, 11) ushered in our increasing interest 
in Drosophila vision. Electrophysiology, behavioral analyses and histology resulted in initial 
descriptions. From the outset, mutants of two genes, receptor degeneration I and II cistrons 
(6), were noteworthy: gross cell death devastated the retina. The genes were renamed rdgA 
and rdgB respectively in a paper devoted to Drosophila retinal degeneration (12). Also, rdgB 
was used with other mutants in a "genetic dissection" of the Drosophila retina (13): mutants 
with vs. without specific receptors functional were used to simplify the retina so that crude 
techniques like the electroretinogram [ERG] could be used to make inferences about specific 
receptor types (14). 

Parallels between Drosophila and Vertebrate Studies 

By this time, work was under way in vertebrates with retinal degeneration. There are 
striking similarities in these two fields. Genetic mosaic analyses suggested autonomy to 
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visual receptors in rdgB Drosophila (12) and rd mice (1S) in contrast with the RCS rat with 
its defect in retinal pigment epithelium (16). Receptor degeneration uncovered function of 
minor receptor types in Drosophila (13) and rat (17). Vitamin A deprivation protects against 
light-induced retinal degeneration in rdgB (12) and intense ultraviolet [UV] and blue light 
treated Drosophila (18) and in the rat (19, 20). Transduction defects were suggested in rdgB 
Drosophila (12) and in rd mice (21). Intense UV and blue lights cause degeneration in 
Drosophila (18, 22). Intensities and wavelengths are remarkably similar to those in the 
aphakic monkey (23, 24); they are brighter than the blue light causing blue cone loss in work 
that Sperling and co-workers (2S) presented in a journal from an early retinal degeneration 
symposium. White-eyed but otherwise non-mutant Drosophila (26) and albino rodents (17, 
19, 20) have light damage from moderate, photopic light intensities. 

Present Interest in Drosophila rdg Genes 

Interest in rdg genes in Drosophila has flourished as molecular defects are elaborated. 
For example, rdgA codes for diacylglycerol [DAG] kinase (27). This enzyme is relevant to 
the visual cascade since it phosphorylates and recycles DAG, a product of phospholipase C 
[PLC], to phosphadidic acid; PLC is coded by the transduction mutant norpA [no receptor 
potential A] (28,29). RdgB mutants are of particular interest since RI-6, the most numerous 
and sensitive compound eye receptors, thus analogous to rods, function until stimulation 
converting substantial rhodopsin to metarhodopsin (12). RdgB was isolated by Hyde and 
O'Tousa, contributors to this symposium (30, 31). It codes for a phosphatidylinositol transfer 
protein (32) located near rhabdomere bases (33, 34), pertinent to phosphatidylinositol [PI] 
signaling. Supplementing molecular advances, progress using cell biology came from 
Minke, another participant in this symposium (3S), and his co-workers; pharmacological 
manipulations related to photic excitation can replace light to induce degeneration (36). Also, 
calcium, implicated in the IP3 [inositol trisphosphate] pathway, accumulates in photorecep
tors of degeneration mutants (3S). Another gene with light induced retinal degeneration, 
rdge, encodes a serine/threonine protein phosphatase (37); the kinase vs. phosphatase cycle 
is obviously important in visual excitation. 

Cell Death vs. Dystrophy of the Photoreceptive Rhabdomere in 
Drosophila 

Mutants of several genes associated with phototransduction defects also cause cell 
death, judging from the ultrastructure, trp [transient receptor potential] being an example 
(3). Also, gross devastation is seen after diverse light treatments as mentioned above. For 
example, intense UV and blue stimulation causes cell death (18). By contrast mutants of the 
aforementioned norpA gene cause visual loss (38, 39) without appreciable cell death (2, 26, 
40). Also, vitamin A deprivation causes visual decreases without cell death from which the 
animal can recover. Vitamin A deprivation and replacement in the fly have been the subject 
ofthorough recent treatments elsewhere (41,42,43 , 44); parallels in visual loss and recovery 
upon deprivation and replacement in the rat are also documented elsewhere (45, 46). 

Ora and Other Mutants of ninaE as Retinal Dystrophy Models 

Drosophila ninaE [neither inactivation nor afterpotential] (47,48) codes for RhI, the 
major compound eye rhodopsin, in RI-6 receptors (49, 50). As ninaE was mapped with 
respect to specific mutations (51, 52, 53, 54, 55), this laboratory's long-standing interest in 
the ora allele (13, 56, 57) was rekindled. Outer rhabdomeres absent [ ora] was the first 
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characterized ninaE mutant (11, 13). Ora is a nonsense mutant at codon 251 (51). The name 
"outer rhabdomeres absent" over-states the diminution ofRI-6 rhabdomeres, called "outer" 
because of their position just outside the central ommatidial axis (56). Small rhabdomeres 
in newly-emerged animals diminish with age (52, 57). Accumulation of dense membranes 
with a zipper-like structure, some apparently intracellular [and possibly derived from 
rhabdomeres] (56) and some associated with abnormal junctions between photoreceptors 
(57) is a hallmark. Photoreceptors are remarkably resistant to cell death (57). Since cells die 
in human opsin mutants with autosomal dominant retinitis pigmentosa [ADRP], this contrast 
was considered noteworthy (2). Now, this discrepency appears to be resolved with the 
recently discovered dominant opsin mutants in Drosophila (31, 58) [O'Tousa, this sympo
sium]. 

A transgenic fly with an engineered ninaE gene lacking opsin's glycosylation site 
(53) in a background with a ninaE deletion [oIl7 allele] (49) also has rhabdomere 
diminution without cell death (59). Our recent data lead us to retract our data on the 
negative control [oIl7] used in this study by Brown et al. (59). Although the stock we 
used lacked Rhl, genetic crosses suggest that it did not behave strictly as an allele of 
ninaE. A cross between ora females and 01 17 males yielded sons and daughters with R 1-6 
functional, as judged by the ERG. A cross between oIl 7 females and ora males gave sons 
without RI-6 function and daughters with RI-6 function. The now suspect Brown et al. 
(59) 0117 data would only be of interest should the nature of our faulty stock be discovered. 
This finding eliminates a contradiction since other research (55) suggested that 0117 has 
more severe defects than Brown et al. reported, important since oIl7 is widely used (60, 
61 ). 

METHODS 

The Introduction reviews Drosophila retinal degeneration historically and with 
relation to work on vertebrates. New research lines are also presented. Microspectro
photometric [MSP], electron microscopic [EM] and morphometric studies of flies reared 
under different photic conditions were presented at ICER (62). Sensitivity and morphometric 
analyses of ora heterozygotes were presented at ARVO (63). Previously published techniques 
are overviewed only in sufficient detail to direct the reader to the appropriate literature. 

Animals 

Drosophila melanogaster were reared on our standard food. The most relevant feature 
is yellow cornmeal, a source of carotenoids, and a supplement of beta-carotene (41 ), to insure 
adequate vitamin A (64,65). Strains were white-eyed otherwise wild-type flies [w = white] 
and white-eyed ninaE mutants [ora allele]. For light treatments, vials of flies were transferred 
from a 25 degree C incubator with a 12 hr on / 12 hr off cycle of fluorescent light and allowed 
to mature in a room temperature chamber near a fluorescent desk lamp with these conditions: 
[1] dark; [2] white light; [3] green light [behind a green acetate sheet, 0.25 log unit 
absorbance at peak transmission, 525 nm, 2.5 at 420 nm, peak absorbance, half peak cutoff 
at 480 nm]; and [4] red-green light [with a broad band red acetate increasing the short 
wavelength cutoff of the green acetate, peak transmission at 510 - 540 nm, half peak cutoff 
at 480 nm]. Intensities, calibrated with a portable radiometer / photometer [Baling, Holliston, 
MA 01746, model 27-5479], were: [a] incubator, 49 lux; [b] light, 1330 lux; [c] green, 190 
lux; and [d] red-green 24 lux. 
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Microspectrophotometry [MSP] , Electron Microscopy [EM] and 
Electroretinography [ERG] 

This laboratory developed (65) and refined (59) visual pigment measurement from 
RI-6 rhabdomeres oflive, white-eyed Drosophila to assay receptor demise in mutants (66) 
or after light treatments (22); it can be averaged from many flies (67). Heads were fixed for 
transmission electron microscopy [TEM] using our long-standing protocols (59, 68). For 
morphometry, sections with [Fig. 4] and without [Fig. 2] xylene expansion, were picked up 
on grids (42). Electroretinograms [ERGs] were first used in this laboratory's research in 1972 
(69); methodology has been refined in the interim (59). Careful wavelength and intensity 
controls and accurate calibrations allow sensitivity measurements. A recent innovation 
involves signal amplification and display using a MacLab/2e [Millford, MA] with a Macin
tosh LC II computer. 

RESUL TS AND DISCUSSION 

Heterozygotes of Ora, the Nonsense Opsin Mutant 

Our renewed interest in ora [Introduction] was motivated in part by studies on a null 
mutation at codon 249 in the human rod opsin gene which causes autosomal retinitis 
pigmentosa which is recessive [ARRP] (70). We determined ERG sensitivity of heterozy
gotes as a function of days post-eclosion and compared responsivity with homozygous 
mutant and wild-type flies [Fig. I]. Sensitivity was 0.5 log units lower for heterozygotes 
than for positive controls at 1,3,5, 7, and 9 days. ERG waveforms, specifically the presence 
of on- and off-transients and the inducibility and reversibility of the PDA [prolonged 
depolarizing afterpotential] by intense short and long wavelength stimulation respectively, 
indicated sustained R 1-6 function. We also measured cross sections of R 1-6 rhabdomeres in 
heterozygotes using EM morphometry [Fig. 2]. Rhabdomeres were the same size in het
erozygous specimens as in wild-type controls when newly-eclosed. Interestingly, RI-6 
rhabdomeres diminished to half their newly-ec1osed size after one week. Since diminished 
sensitivity suggests lower visual pigment, it is no surprise that ora heterozygotes have small 
rhabdomeres. What was surprising was the normal size of rhabdomeres in newly-emerged 
flies. Apparently, diminution ofthe photoreceptive organelle is an indirect result of decreased 
visual pigment. It would be interesting to determine whether this diminution is light 
dependent. The lower sensitivity is like that obtained from heterozygous relatives of the blind 
patient with homozygous ARRP (70). 

The Green Light Experiment 

The photointerconvertible R-480 - M-570 of Drosophila was considered to be 
non-bleaching (71, 72). Later, green light was found to decrease Calliphora visual pigment 
(73). Green light maintains moderate metarhodopsin, more labile than rhodopsin. It limits 
short wavelengths, needed to photoisomerize the chromophore from trans to cis. This 
phenomenon has been utilized in chromophore deprivation in Calliphora (74, 75, 76, 77). 
We wanted to replicate this experiment on Drosophila. MSP showed that green light 
decreased visual pigment in Drosophila, but only by about 114 [Fig. 3]. This decrease 
occurred within the first 24 hr of light exposure and remained the same for 2, 5 and 8 days. 
Additional filtering [rg], which decreased intensity and blocked blue light more effectively, 
gave the same result. We confirm Schwemer's Calliphora finding and extend it to Drosophila. 
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Figure 1. ERG sensitivity, high in white-eyed otherwise wild-type flies [w;+]; low in white-eyed flies 
homozygous for the ora mutant allele of ninaE [w;ninaE] ; and intermediate in white-eyed heterozygotes of ora 
[w;ninaE/+]. Sensitivity was determined for a 2 mY peak-to-peak ERG at 470 nm and averaged [with SE] from 
the numbers of flies shown. Data were collected for flies one to 11 days post-eelosion as shown. The very low 
sensitivity of the ora homo zygotes reflects the well documented absence of R 1-6 function, uncovering the 
residual R7/8 contribution to the ERG. Importantly, ora heterozygotes remain haifa log unit less sensitive than 
the positive wild-type control for over one week. 
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Figure 2. EM morphometry of R 1-6 in the same fly types as in Fig. 1. Importantly, even though R 1-6 in ora 
start out in newly-emerged flies the same size as in wild type, they are half the size after one week. 
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Figure 3. MSP of green and white light induced changes to visual pigment in white-eyed Drosophila. 
Absorbance difference was measured for newly-emerged flies out of incubator and flies at I, 2, 5 and 8 days 
post-ec1osion. Data are averaged from 25 or more preparations as indicated, and the SE is shown. When the 
pseudopupil was indistinct, which was the case especially after 5 and 8 days of white light treatment, 
measurement was from the area 150 microns beneath the most vertical corneal hairs, the strategy used to 
measure from degeneration mutants [see (66)]. 

However, even in pilot experiments (62), our reduction in visual pigment in Drosophila was 
not as striking as in Calliphora. This could be because Drosophila is different than Calliphora. 
Alternatively, high carotenoids in our food [Methods] may make optical chromophore 
deprivation marginal. Finally, since light is used in preparation and measurement, regenera
tion may have occurred, though we worked quickly with small numbers of flies per 
experiment to minimize this problem. EM showed that [I] green light did not damage 
receptors; [2] membrane turnover, as judged by multivesicular bodies, was normal; and [3] 
there may be a slight diminution of rhabdomere size by 2 days, extending to 8 days, as 
determined by morphometry [Fig 4]. Earlier, it was reported that constant moderate white 

o 
Rl-6 R7 

Cell Type 

Figure 4. Morphometric analysis of flies reared under the green light condition. The numbers of rhabdomeres 
averaged and the standard deviations of the measurements are shown. Rhabdomeres under all conditions are 
larger than in other studies since measurements were made from sections expanded with xylene [see Methods]. 



Drosophila as a Model for Photoreceptor Dystrophies and Cell Death 223 

light reduced visual pigment and caused structural degeneration (26). In the Fig. 3 experi
ment, the green light effect can be directly compared with the more profound losses induced 
by white light. 
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INTRODUCTION 

A great deal is known today about the identity of several gene products which are 
targets for mutations that induce retinal degeneration both in vertebrates and invertebrates 
(1-15). These mutant genes lead to various forms of retinal degeneration. However, the 
molecular mechanisms underlying the sequence of events which bring about retinal 
degeneration is still obscure. A common denominator of these mutant gene products is 
that most of them are proteins important for phototransduction. A clue to a molecular 
mechanism which initiates the degeneration process came from recent studies on retinal 
degeneration in Drosophila mutant photoreceptors in which the degeneration process is 
light-dependent, namely, the photoreceptors do not degenerate if the fly is raised in the 
dark. 

It has been well established that photoreceptors are efficient photon counters. To 
achieve this function, each step in the excitatory cascade needs an efficient tum off 
mechanism. To account for the conditional (light-dependent) phenotype of photoreceptor 
degeneration, it was suggested that the normal counterpart of the retinal degeneration gene 
product in wild type fly counteracts one of the steps in the phototransduction cascade to tum 
its activity off (4,10,16). When this gene is mutated and either becomes non-functional or 
completely absent, it leads to abnormal activity of the phototransduction step with which the 
retinal degeneration gene product normally interacts and this, in tum, gives rise to light-de
pendent retinal degeneration. 
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An example for the above mechanism is the light-induced degeneration of the 
photoreceptors in the retinal degeneration C (rdgC) mutant (7,8,10). 

Genetic analysis of the Drosophila mutant rdgC revealed that retinal degeneration is 
dependent on high levels of activated rhodopsin and placed the site of action of the rdgC 
gene product, before phospholipase C (7). More recently, molecular cloning of the rdgC gene 
showed sequence similarity with mammalian serine/threonine phosphatase and identified an 
appended domain containing putative direct Ca2+ binding sites (8). 

PHOSPHORYLATION-DEPHOSPHORYLATION REACTIONS OF 
THE PHOTO PIGMENT AND THEIR RELATION TO 
DEGENERATION IN THE rdgCMUTANT 

A characteristic of fly photoreceptors is that their photopigment is thermostable and 
photoreversible. Blue light «490 nm) converts rhodopsin (R) to metarhodopsin (M) (80%), 
and orange light (>580 nm) regenerates it to rhodopsin (100%). Drosophila eye membranes, 
preilluminated with blue light, revealed substantial phosphorylation of metarhodopsin. This 
phosphorylation was strictly dependent on conversion of rhodopsin to metarhodopsin, (Fig. 
1, lanes 0,0') as no phosphorylation of the photopigment took place in membranes that had 
been preilluminated with orange light (10). The highest extent of metarhodopsin phosphory
lation was obtained in the presence of the Ca2+ chelator EGTA, whereas Ca2+ considerably 
reduced the extent of metarhodopsin phosphorylation. This effect was not dependent on 
calmodulin, as an efficient peptide inhibitor of calmodulin, M5, did not change the extent 
of metarhodopsin phosphorylation (10). 

Ca2+ was required for the dephosphorylation reaction. The rate of dephosphorylation 
was much faster in membranes in which phosphorylated metarhodopsin (p-M) had been first 
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Figure 1. Dephosphorylation of proteins in wild
type and rdgC eye membranes. Membranes were 
derived from blue-illuminated eyes and phospho
rylated in the presence of IOJ.lM EGTA, followed 
by addition of unlabelled ATP to 0.5 mM and 
centrifugation. The membrane pellets were sus
pended in homogenization buffer and illuminated 
with orange (0) or blue (B) lights. Dephosphory
lation was carried out for 5 min at 25°C, with the 
indicated additions. Lanes in radiogram: 0 and 0', 
phosphoproteins before dephosphorylation; 1, 1', 
3, and 3', dephosphorylation in the presence of 0.1 
mM Ca2+; 2, 2',4 and 4', dephosphorylation in the 
presence of ImM EGTA. Arr, arrestin, R, rhodop
sin (From Ref. 10). 
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converted to phosphorylated rhodopsin (p-R) by illumination with orange light and then 
subjected to dephosphorylation in the presence of Ca2+ (Fig. I, lanes I, 2 and 4). 

In the experiments illustrated in Fig. I, parallel assays were conducted on Drosophila 
eye preparations of wild type and the rdgC mutant. Optimal dephosphorylation conditions 
resulted in removal of95% of the phosphate from wild-type rhodopsin following conversion 
ofp-M to p-R, whereas little if any dephosphorylation of the rdgC rhodopsin was observed 
under identical conditions (Fig. I lanes I and I '). These results indicate that phosphorylated 
rhodopsin is a major substrate for the rdgC protein phosphatase, which requires Ca2+ for 
activation. 

The rdgC mutant has thus demonstrated that excessive light-dependent phosphory
lation of the photopigment unbalanced by the normal dephosphorylation by rdgC phos
phatase leads to photoreceptor degeneration. 

INHIBITION OF CA 2+ MOBILIZATION BY MUTATIONS LEADS 
TO RETINAL DEGENERATION 

In wild type fly, the smooth operation of the photopigment cycle requires light-in
duced elevation of cytosolic Ca2+ during illumination to ensure dephosphorylation of p-R 
(Fig. I). It has been recently shown that illumination is accompanied by a large increase in 
cellular Ca2+ (17 -19) in Drosophila photoreceptors and that this increase depends on 
activation of the inositol-lipid cascade (l7). Figure 2 shows fluorescence measurements of 
intracellular Ca2+ during intense illumination in dialyzed photoreceptors during whole cell 
recordings. Figure 2 shows that in wild type photoreceptors the light-induced current (LIC) 
is accompanied by a simultaneous increase of cellular Ca2+. Figure 2 also shows that under 
identical recording conditions in the no receptor potential A (norpA) mutant which lacks 
light-dependent phospholipase C (PLC; 5), neither the LIC nor the increase in cellular Ca2+ 

could be observed. Accordingly, elimination of the light-activated phospholipase C (PLC), 
by mutation in the norpA gene (5) blocks the light-induced current and the increase in cellular 
Ca2+ (Fig. 2). 

The dependence of the rdgCphosphatase on Ca+2, which is one of the end products 
of the inositol lipid phototransduction cascade is interesting as it bears on the unexplained 
observation that several phototransduction mutants like the norpA, and the transient receptor 
potential (trp), which codes for a putative light-sensitive channel with high permeability for 
Ca+2 (19), both undergo age and light dependent retinal degeneration (II ,20). Retinal 
degeneration of the norpA mutant which was studied more extensively showed that strong 
norpA alleles which have no electrical response to light demonstrated more prominent retinal 
degeneration than weak alleles that have some light dependent electrical activity. Surpris
ingly, in norpA alleles, which do not respond electrically to light, retinal degeneration was 
still light dependent (II). We have suggested (10, 16) that the mechanism of retinal degen
eration in the strong norpA alleles is similar to the mechanism of retinal degeneration in the 
rdgC mutant. In both mutants, retinal degeneration is initiated by light dependent phospho
rylation of the photopigment which is not adequately followed by dephosphorylation. In the 
rdgC mutant, this is due to deficiency in rhodopsin phosphatase, while in the norpA mutant 
deficient dephosphorylation of rhodopsin is due to the inability to generate the Ca+2 signal 
which is required for activation of rhodopsin phosphatase (10). This mechanism can account 
for light dependent retinal degeneration in other transduction mutants which block the 
increase of cellular Ca+2. We have corroborated this putative mechanism oflight dependent 
retinal degeneration by phosphorylation experiments in the intact fly in-vivo. In these 
experiments rhodopsin was found to be hyperphosphorylated both in the rdgC and in the 
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Figure 2. The light-evoked inward current and the Ca2+ signal of Wild-Type are abolished in the norpA mutant. 
Simultaneous measurement of fluo-3 fluorescence (upper traces) and LIC (middle traces) at -50mV in the 
photoreceptors of Wild-Type (WT) (left column) and the no receptor potential A (norpAP24) mutant of 
Drosophila (right column). The horizontal dotted line indicates the fluorescence level at the time offull opening 
of the shutter that controlled the exciting light. The background fluorescence (measured after removal of the 
ommatidium) is indicated below the upper trace (left). The lower trace shows the output of a photodiode that 
monitored the exciting light. The current traces showed very pronounced light-induced current (LIC) in WT, 
but no LIC could be observed in the mutant. Also the fluorescence signal of the mutant showed only a fast 
initial rise that accompanies the opening of the shutter which mainly reflects the resting Ca2+. Removing external 
Ca for I min by exposure to O-Ca2+ EGTA Ringer reduced the resting Ca2+ level (Modified from ref. 17). 

norpA mutant, while it was minimally phosphorylated in the wild type fly (unpublished 
experiments). 

A strong independent support for this mechanism of degeneration in rdgC and norpA 
came from recent studies by O'Tousa and colleagues (this volume) which screened for 
suppressor mutants of rdgC mutant degeneration. They have isolated 2 classes of dominant 
suppressors of rdgC degeneration and found that these suppressors are defective in the 
rhodopsin molecules leading to reduced pigment content. They furthermore found that the 
dominant rhodopsin alleles act to suppress both rdgC and norpA induced degeneration and 
conclude that the norpA+ activity is required for rdgC+ activity. All the above data indicate 
that degeneration in rdgC and norpA photoreceptors is due to excessive phosphorylation of 
the photopigment due to deficient rdgC phosphatase activity and when the pigment level is 
reduced, degeneration is suppressed even in the absence of the rdgC phosphatase activity. 

Figure 3 summarizes the cascade of molecular steps and interactions of fly photopig
ment and illustrates the tight control of phosphorylation and dephosphorylation reactions of 
the photopigment on the photopigment cycle: Photoconversion of rhodopsin (R) to metarho
dopsin (M) results in rapid phosphorylation ofM by rhodopsin kinase to give phosphorylated 
M (p-M) followed by binding of 49 kDal arrestin. Phosphorylation ofM decreases its ability 
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Figure 3. The cascade of molecular steps of fly photopigment (see text). 
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to activate the G protein. Binding of arrestin further quenches the ability of M to activate G 
protein and protect it from phosphatase activity. Absorption ofa photon by the p-M/arrestin 
complex regenerates it to phosphorylated R (p-R) with concomitant release of arrestin. The 
p-R then becomes a substrate for rdgC rhodopsin phosphatase that reintroduces it to the 
excitable rhodopsin pool without reinitiation of photo transduction in the dark. Binding and 
release of arrestin to p-M and p-R, respectively, confines the rhodopsin phosphatase activity 
only to p-R, thereby securing the fidelity of phototransduction (see ref. 10 for experimental 
details). 

ACCUMULATION OF CALCIUM IN DEGENERATING 
PHOTORECEPTORS OF DROSOPHILA MUTANTS 

How excessive phosphorylation of the photopigment leads to photoreceptor degen
eration is still unclear. Nevertheless, a step in the degeneration process involves a large 
increase in cellular Ca2+ as evidenced by accumulation ofCa2+ in subcellular organelles (21). 

Total calcium level was measured in photoreceptors of mutant Drosophila which 
show light-dependent degeneration: the rdgB (4,9), rdgC (7), norpA (5, II) and ninaC (13) 
mutants raised in light or darkness (21). A unique and powerful technique of energy 
dispersive x-ray analysis (e.d.x) of sections from quick frozen retinae was used to examine 
if a large increase in cellular calcium is a phenomenon which accompanies retinal degenera-
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tion even when induced by different mutations. Figure 4 shows representative original e.d.x. 
spectra without any data processing, measured in sections from the photoreceptor cell body 
of a shock frozen dark (A) and light-raised retinae of rdgC mutant (B,C). For comparison 
Fig. 4 shows spectra of cryosubstituted material (Fig. 4B) and of cryosections (Fig. 4C). The 
location of the energy line for the various elements in the sample are indicated. Ka. energy 
lines for potassium and calcium are of particular interest. The small peak of Fig. 4A which 
is indicated by the arrow (CaKa. +KK~) contains both the overlapping CaKa. peak and the 
KKI3 peak. Peak deconvolution of the overlapping potassium and calcium signals reveals, in 
these samples, a calcium peak to background (P/B) ratios near the detection limit of calcium 
under these conditions which is about I - 2 mmolell calcium for both e.d.x. analysis methods 
used. This detection limit did not allow analyses of calcium changes induced by light in WT 
photoreceptors or in mutants raised in the dark or at very early stages of degeneration (21). 
A systematic and detailed scanning of different areas of photoreceptors from sections of 
dark-raised mutant flies (e.g. rdgC, ninaC and norpA) showed spectra very similar to the 
light-raised WT. Very small levels of calcium were observed in samples of shock frozen 
cryosubstituted retinae from the above mutants raised in the dark which did not show any 
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Figure 4. E.d.x. spectra from cross sections of 
dark raised (A) and light-raised (B,C) rdgC eyes 
(5 day old, at 24°C). The KKa and CaKa+KKp 
peaks are indicated in addition to the peaks of the 
other elements. A,B) E.d.x. spectra of shock fro
zen cryosubstituted plastic embedded material of 
dark-raised rdgC mutant (A) and light-raised 
rdgC fly (B). The measurements were carried out 
during 457 s in A. Measurement was taken from 
the globular bodies during 100 s in B. C) E.d.x. 
spectrum from cryosection of shock frozen rdgC 
retina measured during 103 s. In addition to the 
large CaKa+KKp peak, a prominent peak of ph os
phate is observed (PKa) which arises from granule 
of calcium phosphate precipitate (from Ref. 21). 
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degeneration. In contrast, globular bodies appeared in the degenerating photoreceptors of 
all mutants (e.g. rdgC, norpA, rdgB, ninaC) with a dramatic calcium content as reflected in 
the large CaKa+KK[3 peak to background ratio (PIB) (see ref. 21), while the KKa P/B did not 
change significantly. Since KKa reflects the major potassium content of the tissue, the 
increase in CaKa +KK[3 in the degenerating photoreceptors indicated that the increase in 
CaKa +KK[3 peak is due to an increase in the calcium content. The examples of spectra in Fig. 
4A,B are representative of the analysis of large number of flies including all the mutants 
which showed very similar spectra. 

As in rdgC flies, the large calcium peak observed in ninaC, rdgB, and norpA flies 
was found either in the globular bodies or in the smaller mass dense structures - (possibly 
lysosomes). In many cases of cryosections (in rdgC), spectra of the calcium-containing 
bodies showed only two major bands in the relevant region, those of phosphorus and calcium 
(Fig.4C). 

The fact that the high calcium level of the degenerating photoreceptors was found in 
subcellular organelles, which may possibly be MVB or lysosomes, suggest that active 
processes leading to calcium accumulation against a large concentration gradient exist in the 
degenerating cells. The observations that the photoreceptors which contain sequestered 
calcium in membrane bound organelles (i.e the globular bodies) still have rhabdomeres and 
surface membrane indicate that their high calcium content does not simply reflect deterio
rated cells with perforated plasma membrane that allow free calcium movement into the 
cells. Furthermore, the careful measurements of the calcium content in the cytosol clearly 
showed that the calcium content of the cytosol is much smaller than that observed in the 
organelles. Accordingly, the extremely high level of calcium that was found in the organelles, 
(e.g. 135 mmolell calcium, on the average, in light raised rdgC retinae) which is about two 
orders of magnitude above the calcium content usually found in normal cells, reflects an 
active process of calcium accumulation. 

The finding that the high level of calcium is localized exclusively in degenerating 
photoreceptors suggests that this elevated calcium accompanies retinal degeneration as 
found in other cells and tissues (22). However, the finding that very different mutations 
(affecting very different gene products) lead to the same phenomenon of calcium accumu
lation suggests that this accumulation of calcium is a secondary rather than the primary factor 
which causes the degeneration. 
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INTRODUCTION 

27 

Mutations within the human rod opsin gene are responsible for approximately 25% of 
the autosomal dominant forms of retinitis pigmentosa (ADRP) afflicting human populations 
(I).There are over 60 different mutations known in the rhodopsin gene that cause ADRP. To 
account for the mechanisms by which these mutations can cause retinal degeneration, three 
general types of models have been considered. First, improper folding mutant protein may 
prevent its proper maturation (2). A second model is that the mutated forms may produce 
rhodopsins that are constitutively active, leading to increased metabolic activity (3) . A third 
possibility is that the mutant proteins show improper cellular localization (4). All three views 
are consistent with a scenario by which the dominant rhodopsin mutation reduces the health of 
the photoreceptor, eventually causing the cell to degenerate. Understanding the molecular basis 
of rhodopsin-based forms of ADRP represents a major advance, but it is likely that successful 
strategies for alleviating the disease will require additional knowledge on the mechanisms by 
which these rhodopsin mutants trigger retinal degeneration. 

The invertebrate, Drosophila melanogaster, has been developed during the last twenty 
five years as a genetic model for vision. Among the first genes identified in this organism that 
affected vision were several that caused retinal degeneration (5, 6, 7). More recently, my 
laboratory has produced and analyzed dominant mutations in the rhodopsin gene to gain 
insights into mechanisms by which rhodopsin mutations may trigger retinal degeneration. In 
this report, I will describe work in the Drosophila field that is relevant to studies of rhodopsin
based retinal degeneration, emphasizing our recent studies on dominant rhodopsin mutations. 

THE MAJOR RHODOPSIN GENE IS ENCODED BY ninaE 

The Drosophila ninaE (neither inactivation nor afterpotential) gene is named for a 
characteristic electroretinogram that lacks the inactivation and prolonged depolarizing 
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afterpotential seen in wild type flies after stimulation of the retina with a bright blue light 
(S). This phenotype can be produced by mutations in many genes (S), as well as in wild type 
flies that have been deprived for vitamin A (9). However, ninaE mutants have two additional 
properties that suggested the gene encoded the visual pigment expressed in the R 1-6 class 
of photoreceptors. First, only the rhodopsin in the RI-6 class of the photoreceptors was 
affected (l0), and the gene exhibited a gene dosage effect on rhodopsin content (1). 
Molecular analysis of the ninaE gene 02, 13) first showed that visual pigment genes of 
invertebrates and vertebrates share a common ancestry, and encode proteins possessing many 
common features. This conclusion has been confirmed by subsequent cloning of additional 
vertebrate and invertebrate visual pigments genes. 

PHOTORECEPTORS OF ninaE MUTANTS LACK RHABDOMERES 

In addition to the physiological defects, ninaE mutants show structural defects of the 
photoreceptor. In historical context, it was the discovery of the oraJK84 (ora=outer rhab
domeres absent) mutation by Koenig and Merriam in 1977 (14) that first indicated the effect 
of rhodopsin mutations on photoreceptor structure. Subsequent to the cloning of the ninaE 
locus, oraJK84 was shown to have a mutant allele at the ninaE locus (15). The actual molecular 
defect is a stop codon resulting in a truncated protein lacking the sixth and seventh 
transmembrane domains (16). 

The widely used null allele of the ninaE gene is the ninaElI7 allele. This irradiation 
induced allele lacks about 1.6 kb of the gene, including the transcriptional and translational 
start sites. and fails to make any detectable transcript of the gene. (12). Morphological studies 
on oraJK84 and ninaEIl7 show that both mutations affect the structure of the photoreceptor in 
similar ways, as described below. 

The rhabdomere is a microvillal extension of the plasma membrane in invertebrate 
photoreceptors (17). Rhodopsin and other proteins required for phototransduction are 
sequestered within the rhabdomere. Ultrastructuctural studies on oraJKS4, as well as the 
ninaEI17 aIlele (15, IS, 19) showed that photoreceptors initially build a rhabdomere even in 
the absence of rhodopsin synthesis, but the rhabdomere decays and is eventuaIly lost as the 
animal ages. By 5-7 days of age, most photoreceptors lacking any rhodopsin protein have 
completely lost the rhabdomeric membranes (15, IS, 19). 

The severity ofthe mutant alleles of ninaE have been classified in two different ways. 
One approach carried out by Johnson and Pak (20) used intracellular recordings to assess 
the amount of rhodopsin remaining in the R 1-6 photoreceptor cells. A different approach 
assesses the integrity of the rhabdomere as a function of the age ofthe fly (21). Data collected 
from these two approaches suggested that the rhabdomeric membranes are maintained for 
longer periods in the ninaE mutants that produce higher levels of functional rhodopsin. 
Nonetheless, the data of Leonard et al (21) suggested that all ninaE mutants will eventually 
lose the rhabdomeric membranes as the fly ages. 

The finding that Drosophila ninaE mutants show an age dependent degeneration of 
the rhabdomere suggests that rhodopsin plays a structural role in the maintenance of this 
structure. However, this phenomenon is distinct from the retinal degeneration seen in the 
human ADRP disease for several reasons. First, the mutations are causing loss of the 
rhabdomeric membranes, not degeneration of the entire photoreceptor cell. In fact, most 
studies referred to above note that the cell body of these photoreceptors appear to maintain 
normal structure. However, only one study (21) evaluated retinas aged for extended periods. 
This study suggested that photoreceptor cell bodies are eventually affected in severe ninaE 
mutants. Second, and perhaps more important, the Drosophila mutants are genetically 
recessive with respect to all structural changes to the photoreceptor. In the case of human 
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ADRP, rhodopsin mutations are genetically dominant with respect to their ability to induce 
retinal degeneration. Only recently have dominant mutations of the Drosophila rhodopsin 
gene been recognized. These mutations were independently discovered in our laboratory 
(22) as well as in the laboratory of Charles Zuker (23). 

IDENTIFICATION AND CHARACTERIZATION OF DOMINANT 
ninaE MUTANTS 

In our laboratory, dominant ninaE mutants were identified in a genetic screen 
designed to select for suppressors of the retinal degeneration caused by the rdgC (retinal 
degeneration C) mutant. The rdgC gene encodes a novel serine/threonine protein phos
phatase (24). Figure I shows the type of data generated for ninaED1 , the first dominant 
allele identified. The first row shows genotypes at the ninaE locus. The wild type allele 
is designated as "+", the other two are the null ninaEI17 allele and the ninaEDI dominant 
allele. The second row shows that some of these genotypes were also homozygous for 
the rdgC mutant (m), some were rdgC+ (+). The third row provides the data on rdgC-based 
degeneration in the various ninaE genotypes. The key result is that degeneration is seen 
in the ninaEI17 /+ heterozygote, but not in the ninaEDI/+ heterozygote. The identification 
of ninaEDI as a dominant negative mutation is provided by assays for rhodopsin levels 
in these flies that is summarized in the fourth row. Rhodopsin levels are conveniently 
measured by use of a polyclonal antibody generated in my laboratory in dot blot or 
western blot assays. One physiological consequence oflow rhodopsin, failure to generate 
a prolonged depolarizing afterpotential in the electroretinogram, was also monitored to 
confirm this result (22). 

These data suggested that the dominant ninaE mutations prevent rdgC-triggered 
degeneration because they lower rhodopsin expression in heterozygotes significantly 
below the expected decrease of 50% in ninaE heterozygotes. Byk et al. (25) have 
proposed that the rdgC phosphatase is responsible for the desphosphorylation of rho
dopsin based on their studies of rhodopsin dephosphorylation. They suggest that the 
excess phosphorylated rhodopsin seen in rdgC mutants is toxic to the photoreceptor 
and therefore leads to degeneration. With this model, it is easy to accommodate the 
effect of the dominant rhodopsin mutants: rhodopsin fails to accumulate to the levels 
required for toxicity, and therefore the rdgC phosphatase activity is not needed to 
prevent degeneration. 

The proposal by Byk et al (25) also explains the observation that norpA (no receptor 
potential A) mutations degenerate with similar time course as rdgC (26,27). In the absence 
of norpA phospholipase C activity, intracellular Ca2+ levels do not rise above basal levels 

ninaE genotype: + + 01 117 117 01 117 01 01 - - - - - - -
+ + 01 117 + + + + 117 

rdgC genotype: + m m m + + m m m 

retinal degeneration: -- yes no no -- -- yes no no 

% wild type rhodopsin: 100 100 <1 <1 -50 -5 -50 -5 <1 

Figure 1. Effects of dominant ninaE mutants on rhodopsin content and rdgC-induced retinal degeneration. 
The ninaE alleles are designated as follows: wild type (+), ninaEDI (D 1), ninaED2 (D2), ninaEI17 (117). Retinal 
degeneration is assessed by histological methods. % wild-type rhodopsin is measured from western blot 
analysis of retinas from the indicated genotypes. 
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and hence the Ca2+ dependent rdgC phosphatase will not be activated. As a result, rhodopsin 
is not dephosphorylated, and would trigger retinal degeneration. Results obtained with the 
dominant rhodopsin mutants support this proposal, as similar levels of rhodopsin are required 
to induce degeneration in both rdgC and norpA flies (22). 

DOMINANT ninaE MUTANTS CAUSE RETINAL DEGENERATION 

The Drosophila dominant mutants were isolated based on their ability to prevent 
the rapid onset of retinal degeneration caused by the rdgC mutations. To determine if the 
mutations might mimic the human ADRP mutations, we assayed the ability of the 
mutations to cause retinal degeneration in an rdgC+ background. Figure 2 shows an 
experiment comparing retinal structure in ninaED1/+, ninaEDl+ and ninaEI17/+ heterozy
gotes. In these experiments, the flies were reared in three different light regimes: constant 
light, 12 hour lightl12 hour dark cycle and in constant darkness. Figure 2 shows that 
ninaED1/+, ninaEDl/+ flies reared in constant light show significant retinal degeneration 
by twenty days of age. The ninaEI17/+ fly serves as a control, showing minimal damage 
to the retina by 20 days of age. These results suggested that the dominant alleles were 
responsible for retinal degeneration, and in this fashion mimicked the effects seen in 
human ADRP disease. 

The importance of the light treatment was evident from the results of rearing flies 
in the reduced light conditions. Longer periods of time were required to induce marked 
degeneration in ninaED1/+ and ninaED2/+ flies when reared on the 12 hour lightl12 hour 
dark cycle. Flies reared in constant darkness gave no clear indication of retinal degen
eration. 

The ultrastructure of the retina was examined in both young and old ninaED1/+, 
ninaED2/+ and ninaEJJ7/+ heterozygotes. No differences were noted in the young heterozy
gotes of these genotypes, but at older ages, the dominant heterozygotes showed much greater 
evidence of retinal degeneration. The RI-6 photoreceptor class, the cells expressing the 
ninaE gene product, were the only affected cell type in this study. 
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Our analysis of the dominant ninaE alleles suggest that all act to inhibit the maturation 
of the wild type rhodopsin. In principle, this could occur at transcriptional, translational, or 
posttranslational steps. We discounted the possibility that there is transcriptional control 
because the steady state levels of rhodopsin mRNA is not affected by the mutations. The 
initial translation of the protein also appears normal, as shown by the behavior of the mutant 
protein in the presence of mutant ninaA protein. The ninaA protein a cyclophilin required 
for rhodopsin exit from the endoplasmic reticulum (ER) (28). In flies producing rhodopsin, 
mutant flies show a build up of rough ER membranes. It is clear that this phenotype is due 
to accumulation of rhodopsin in the endoplasmic reticulum (ER) as ninaA; ninaEIl7 flies 
lack excess ER membranes (28). However, ninaA mutants either homozygous or heterozy
gous for a dominant ninaE allele still show build up ofER membranes, despite low overall 
rhodopsin levels in the cell (22). Therefore, it appears that the mutant rhodopsin is translated 
and stable through the posttranslational processing event in the ER that requires ninaA 
function. 

ACTION OF DOMINANT RHODOPSIN MUTANTS 

The data presented above, as well as data described by Colley et al (23), suggest that 
the dominant rhodopsin mutants reduce rhodopsin content in photoreceptors by interfering 
with the post-translational maturation process. Several steps of this process have been 
defined, as summarized in Figure 3. Initial glycosylation of rhodopsin is the first discernible 
posttranslational step. Flies raised on media lacking vitamin A also fail to mature rhodopsin 
(29), and this rhodopsin remains in the endoplasmic reticulum with the 40 kD preprocessed 
form of glycosylation (30). Colley et al (28) showed that the 40 kD premature form also 
accumulates in ninaA mutants, suggesting that the next events include both the addition of 
retinal and the requirement for ninaA function. 

The 40kD rhodopsin is then modified into several intermediate forms (38-36 kD, 
likely due to processing of the oligosaccharide) then is deglycosylated to its mature form of 

ninaA. retinal 
chromophore 

Dominant rhodopsin 
mutants 

requir:.:ed=-_---.... ----__ 
. ~~~~ 

rhodopSin formation of 40 kD rhodopsin exits rough ER. matures . 
synthesis --".rhodopsin precursor -+-II~ through Golgi. oligosaccharide __ ... rhodopsin 
on rough ER by glycosylation modified then eliminated found in 

rhabdomere 

Figure 3. Experimental perturbations of the Drosophila rhodopsin maturation pathway. The first event in 
maturation is the addition of a oligosaccharide side chain to generate 40 kD rhodopsin precursor. This precursor 
requires both ninaA function and association with retinal to exit from the ER. Without these events, the 
rhodopsin remains in the ER, causing build up ofER membranes. Dominant rhodopsin mutants are thought to 
effect rhodopsin production at a subsequent stage as they do not elicit build up of ER membranes. Later events 
in rhodopsin maturation include the further modification and finally loss of the oligosaccharide side chain. 
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35 kD before or at the time it is deposited in rhabdomere membranes (30,31). Although the 
mature rhodopsin has no or little oligosaccharide, the glycosylation appears important in the 
maturation process because rhodopsin protein lacking a glycosylation site fails to produce 
mature rhodopsin (32). The dominant rhodopsins could interfere with rhodopsin maturation 
at any step of the maturation pathway, as indicated in Figure 3. Our recent unpublished data 
shows that the initial glycosylation of the mutant rhodopsin is normal, placing the defective 
step at or after the time of the ninaA requirement. 

Better definition of the steps and the required components for the rhodopsin matura
tion is an obvious direction for future research. This work will generate a clearer picture of 
how these dominant mutants interfere with rhodopsin maturation. The work could have 
potential benefits for the study of human ADRP. The finding that these dominant mutants 
do trigger degeneration suggests that defects in intracellular trafficking are capable of 
causing retinal degeneration. Such a model has already been advanced for rhodopsins 
responsible for ADRP (2, 33). We expect that the study of Drosophila rhodopsin mutants 
will provide insights into these mechanisms, thereby contributing to strategies for the design 
of therapeutic agents to treat this disease. 
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INTRODUCTION 

28 

The Drosophila melanogaster visual system has been extensively studied using 
molecular, genetic and biochemical approaches. These analyses have uncovered several 
key components that are required for phototransduction. At least four different rhodopsin 
molecules are utilized to absorb light [1]. The rhodopsins have different spectral sensi
tivities and are expressed in mutually exclusive photoreceptor cells of the larval photoor
gan, the adult ocelli, and the compound eye. The ninaE gene encodes the opsin that is 
expressed in photoreceptors RI-6 in the compound eye [2, 3]. The Drosophila pho
totransduction cascade has an absolute requirement for the norpA+ gene [1, 4, 5], which 
encodes a phosphatidylinositol-specific phospholipase C-~ (PLC) protein [6, 7]. A reti
nal-specific heterotrimeric G-protein links the photoactivated metarhodopsin and the 
norpA-encoded PLC. The G protein's alpha subunit (DGqa), which is a member of the 
Gqa subfamily, is encoded by the dgq gene [8]. Biochemical and genetic data demonstrate 
that the DGqa protein responds to light-activated metarhodopsin and in turn, stimulates 
the norpA-encoded PLC [9]. A mutation in the retinal-specific G~ subunit, gbe, produces 
an abnormal electrophysiological response to light [10]. The inaC-encoded, retinal-spe
cific protein kinase C [11] is thought to be stimulated by diacyl glycerol, which is 
generated from the PLC-mediated hydrolysis of PIP2. Even though this inaC-encoded 
protein kinase C is activated by the products of PLC hydrolysis, it is not required for 
activation of the light channels. Rather, this protein kinase C plays a role in the deactivation 
of the light-response [11, 12, 13, 14, 15]. While the ligands of the invertebrate light-ac-
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tivated channels are not known, it appears that the transient receptor potential (trp) gene 
encodes one type of these channels [16,17,18]. 

The Drosophila retinal degeneration B (rdgB) mutation was originally identified 
as exhibiting light-enhanced photoreceptor cell degeneration [4]. The initial light-re
sponse of rdgB photoreceptors is drastically reduced relative to wild-type and it de
teriorates further with light exposure (19). Genetic evidence suggests the rdgB protein 
acts within the light-initiated phosphoinositide cascade. Mutations in either the ninaE 
or the norpA genes suppress rdgB degeneration [19, 20]. The allele-specific suppression 
of rdgBKS222 degeneration by norpAsul/ suggests that the rdgB protein may interact 
directly with the norpA-encoded PLC (19] or that these proteins share a common 
intermediate. Constitutively activated dominant dgq mutations stimulate degeneration 
of rdgB mutant photo receptors in the absence of light (9). This dgq-stimulation of 
rdgB degeneration is norpA+ -dependent, which suggests that DGqa, PLC and rdgB 
all function in the visual transduction cascade. Both genetic and biochemical experi
ments are consistent with rdgB functioning subsequent to protein kinase C [11, 21]. 
The rdgB protein also appears to function in the Drosophila olfactory system. An 
rdgB allele was recovered in a screen for Drosophila olfaction mutants and some 
previously isolated rdgB alleles were subsequently demonstrated to be defective in 
olfaction [22). Study of the rdgB gene and protein should identify the biochemical 
defect responsible for retinal degeneration and specify its roles in the visual phos
phoinositide cascade and the olfactory system. 

While many differences exist between the vertebrate and Drosophila visual 
transduction systems, recent work demonstrated that analogous mutations in both cascades 
lead to the common phenotype of photoreceptor degeneration. The most obvious example 
is the rhodopsin mutations in both Drosophila and humans. One form of autosomal 
dominant retinitis pigmentosa is due to various mutations in the human opsin gene [23]. 
Similarly, dominant ninaE mutations also cause degeneration of Drosophila photoreceptor 
cells (24). Strong ninaE recessive mutations can also cause rhabdomere loss and will 
show sporadic photoreceptor degeneration over prolonged periods [25,26]. Additionally, 
mutations that affect the heterotrimeric G protein's effector molecule in both systems 
leads to degeneration [27, 28, 29]. However, the Drosophila norpA degeneration appears 
to be due to the buildup of phosphorylated metarhodopsin [30], while the rd degeneration 
is via an apoptotic pathway [31]. While the mechanisms may differ, the loss or aberrant 
activity of the phototransduction effector molecule is intolerable to the photoreceptor. 
Proteins involved in the development and maintenance of the membrane-rich light gath
ering organelles are also critical for the photoreceptor. Both the Drosophila chaoptin and 
the vertebrate peripherin (rds gene) proteins function to align microvilli and discs during 
the development of the rhabdomere and outer segment, respectively [32, 33]. Adult 
chaoptic mutants exhibit photoreceptors that are devoid of rhabdomeres, whereas rds 
mutant mice possess rods and cones that lack outer segments and exhibit degeneration 
over the course of a year. Mutations in the human peripherin gene can lead to either 
retinitis pigmentosa or macular degeneration [34, 35). 

It is possible that the highly specialized photoreceptor cells are so sensitive that 
even slight perturbations in their ability to biochemically respond to light leads to 
degeneration. Because analogous mutations in vertebrates and Drosophila exhibit a 
common retinal degeneration phenotype, the Drosophila system provides an excellent 
system to identify and examine the mechanisms of retinal degeneration. For this reason, 
we are characterizing the Drosophila rdgB mutation at the molecular, biochemical and 
genetic levels. Additionally, we began to examine if a vertebrate homolog of the rdgB 
protein exists. Isolation of such a molecule will possibly identify a candidate for vertebrate 
retinal degeneration. 
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RESULTS 

rdgB Is a Membrane-Associated Protein Possessing Phosphatidylinositol 
Transfer Activity 

The rdgB gene encodes a putative protein of 1054 amino acids that has six hydro
phobic regions that may function as transmembrane domains [36]. The rdgB protein 
segregates with the membrane fraction of homogenized heads and is not removed by alkaline 
washes, which demonstrates that rdgB is likely an integral membrane protein [36]. The 
absence of a cleavable signal peptide in the rdgB sequence prior to the first hydrophobic 
domain [37] suggests that the amino-terminal 498 amino acids are within the cytoplasm [38]. 
Within this amino-terminal domain, the first 281 amino acids possess 42% identical residues 
and 11 % conserved substitutions when compared to the entire rat brain phosphatidylinositol 
transfer protein (PI-TP; [39]). While the amino aCid homology extends the length of the 
PI-TP sequence, the first 65 amino acids show 75% identity or conserved substitutions. This 
high degree of homology is surprising because the PI-TP molecules are soluble proteins of 
approximately 24 to 36 kilodaltons [40], while rdgB is an integral membrane protein of 160 
kilodaltons [36]. 

To determine ifrdgB's PI-TP domain has phosphatidylinositol (PI) transfer activity, 
we assayed if the truncated amino terminus of the rdgB protein could transfer PI in vitro. A 
soluble, truncated form of the rdgB protein, which contained amino acids 1-296, was 
expressed in E. coli under the transcriptional control of the T7 RNA polymerase promoter. 
We partially purified the truncated rdgB protein and isolated the equivalent fraction from E. 
coli that did not express the rdgB construct [36]. We assayed PI transfer activity by following 
the movement ofL-3-phosphatidyl [2-3H]inositol from unilamellar vesicles to mitochondrial 
membranes (Figure lA). As a control for the specificity of the transfer, we incorporated 
cholesteryl [1-14C] oleate in the vesicles, which is not transferred by a phosphatidylinositol 
transfer protein. We determined that the protein fraction containing the soluble truncated 
rdgB protein transferred 80-fold more PI than the control fraction (Figure IB). The observed 
rates of PI transfer using the truncated rdgB protein were similar to those reported for the 
rat brain PI-TP. 

Identification of an rdgB Protein that Restores the Wild-Type Phenotype 

The rdgB gene encodes at least 5 different sized mRNAs [37]. We screened several 
different Drosophila head cDNA libraries to identify clones that correspond to the different 
mRNAs and to examine if those mRNAs encode the same rdgB protein. We identified 4 
different rdgB cDNAs that are alternatively spliced at two different locations within the open 
reading frame. The first alternatively spliced exon is within the acidic amino acid region, 
which is thought to be involved in Ca2+ -binding [36]. This splice variant introduces 13 amino 
acids, without affecting the subsequent amino acid sequence. The second splice variant is 
within the lumenal loop portion of the protein, between the fifth and sixth hydrophobic 
domains. This variant introduces 13 amino acids without affecting the subsequent amino 
acid sequence. 

We examined the potential functional differences between these protein variants by 
germ line transformation and expression of the cDNAs in rdgB mutant flies. In this manner, 
the only rdgB protein expressed in these flies is encoded by the cDNA. We germline 
transformed the cDNA that lacked the first alternatively spliced exon, but possessed the 
second alternatively spliced exon. Based on immunohistochemical detection, the protein was 
properly expressed in the retina. We assayed the electrophysiologicallight response of two 
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Figure 1. The rdgB protein possesses a PI transfer activity. A. We prepared small unilamellar vesicles 
containing L-3-phosphatidyl [2-3HJinositol, phosphatidylinositol, phosphatidylcholine, and cholesteryl [1-
14C] oleate [36]. Fresh bovine heart muscle mitochondria were used as the recipient membrane. Various 
concentrations of either the truncated rdgB protein or an equivalent protein mixture from bacteria that did not 
express the rdgB protein were incubated with the two membrane preparations at 37°C. The reactions were 
terminated and centrifuged. The mitochondrial pellet was washed and resuspended in buffer and Liquiscint. 
The transfer of 3H-phosphatidylinositol to mitochondria was determined relative to 14C-cholesteryl oleate, a 
non-transferable marker_ B. The results from the PI transfer assay are plotted. The amount ofL-3-phosphatidyl 
[2-3H]inositol that was transferred to the mitochondrial pellet (removing vesicle contamination of the pellet 
as determined by measuring 14C in the pellet) was plotted as dpm in the pellet versus the amount of bacterial 
protein added to the reactions. The reactions were carried out for 60 minutes. 

day-old flies using the electroretinogram (ERG) and the degree of degeneration using light 
microscopy of fixed tissue sections. The ERG and histology of a wild-type fly are shown 
(Figure 2, Panels AandB). The ERG has a large amplitude that is maintained for the duration 
of the light stimulation and the retinal section shows large rhabdomeres and a lack of holes 
in the tissue. The ERG of a rdgB mutant fly has very little, if any, amplitude (Figure 2C) and 
the rdgB mutant rhabdomeres are small and holes are present throughout the section where 
cells have either died or are dying (Figure 2D). The germline transformed rdgB cDNA 
restored the wild-type ERG light response (Figure 2E) and prevented the light-enhanced 
degeneration associated with the rdgB mutation (Figure 2F)_ This confirms that we correctly 
cloned the rdgB gene and also demonstrates that not all the rdgB isoforms are required to 
prevent the two retinal mutant phenotypes. 

We also expressed the truncated soluble rdgB PI-TP domain in rdgB mutant flies. 
These flies expressed this truncated protein in the retina based on tissue staining (data not 
shown). While this protein possesses PI-TP activity in vitro (Figure IB), it failed to prevent 
the light-enhanced degeneration and did not restore the ERG response. This suggests that 
the rdgB protein does not function simply as a PI-TP molecule. It is possible that the 
subcellular localization of rdgB must be tightly restricted within the photoreceptor cell for 
proper function. 
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Figure 2. Germline transformation of a rdgB cDNA to restore the wild-type phenotypes. A. The electroreti
nogram (ERG) of a two day-old wild-type Drosophila. The ERG measures the sum electrical potential of the 
retina in response to a light stimulus. The duration of a I second light response is shown at the bottom of the 
trace. B. A retinal section of a II day-old wild-type Drosophila does not exhibit signs of degeneration. The 
rhabdomeres are large and round, there are no holes in the section, and the ommatidia are properly arranged. 
C. The ERG of a two day-old rdgBKS222 mutant fly shows no light response. D. A retinal section of a nine 
day-old rdgBKS222 mutant fly at the light microscope level. The small rhabdomeres, holes in the section, and 
the irregular arrangement of the ommatidia are characteristic signs of degeneration. E. The ERG of a two 
day-old rdgBKSZ22 mutant fly that expresses a germline transformed copy of the rdgB cDNA. The amplitude 
and kinetics of the light-response are essentially wild-type. F. A retinal section ofa ten day-old rdgBKS222 mutant 
fly that expresses a germline transformed copy of the rdgB cDNA. No signs of light-enhanced degeneration 
are apparent. 

Immunolocalization of the rdgB Protein 

A rdgB fusion protein, containing 30% of the proposed rdgB protein was expressed 
in the IPTG-inducible pMal-cRI expression vector [36] and used to generate a monoclonal 
antibody. This monoclonal antibody yields results that are identical to the data we previously 
reported for the rdgB polyclonal antiserum [36]. We determined the size and expression of 
the rdgB protein in wild-type and rdgB mutant flies using immunoblots. The monoclonal 
antibody detected a 160 kDa protein in both wild-type and eyes absent (eya; [41]) heads 
(Figure 3, Lanes I and 3, respectively). The rdgB protein is expressed at much lower, but 
detectable, levels in bodies (Figure 3, Lane 2). Previously, we detected rdgB mRNAs by 
RNA Northern blots in wild-type and eya heads, but not in bodies [37). The specificity of 
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Figure 3. Immunoblot of the rdgB pro
tein in the Drosophila head. Oregon-R 
heads (O-R heads), Oregon-R bodies (O
R bodies), eyes absent heads ( eya heads), 
and heads of rdgB mutants (rdgB2 heads 
and rdgBotal heads) were homogenized 
in a 2% SOS/3% urea extraction buffer 
[36). The samples were electrophoresed 
on a 5% SOS-polyacrylamide gel. The 
gel was electroblotted overnight. An 
anti-rdgB monoclonal antibody was 
used, followed by detection with a goat 
anti-mouse alkaline phosphatase-conju
gated secondary antibody. The 160 kOa 
rdgE protein is marked with an arrow. 

the monoclonal antibody was confirmed by its failure to detect the 160 kD protein in rdgB2 
mutant head extracts (Figure 3, Lane 4). This allele lacks the rdgB gene region that is 
expressed in the fusion protein [37]. However, some rdgB alleles (rdgBotal, Figure 3, Lane 
5) show both wild-type size rdgB protein and wild-type abundance. It is possible that these 
alleles could be missense mutations. Preliminary DNA sequence data suggests that the 
rdgBotal allele possesses a single amino acid change in a critical functional domain of the 
rdgB protein. 

Previously, we immunolocalized the rdgB protein to the retina, the optic lobes, the 
ocelli, the central brain, and the antennal segments with polyclonal antiserum [36]. This 
antiserum also gave a low level of general staining throughout the brain. The monoclonal 
antibody yielded essentially an identical staining pattern. The retina and the underlying optic 
lobes, the lamina and medulla, stain positive with the monoclonal antibody in wild-type 
heads, but not in rdgB2 heads (Figure 4A and B, respectively). The expression in the lamina 
and medulla is likely due to the presence of rdgB in the photoreceptor axons because the 
medulla shows a regular repeating array of individual units that are consistent with the 
positions and morphologies of the R7 and R8 axons [42]. The protein's axonal localization 
is consistent with the observation that rdgB degeneration initiates in the laminal receptor 
terminals [43] and suggests that the rdgB protein is required in the photoreceptor axons. In 
addition, the mushroom bodies and antennal lobes stain positive with the monoclonal 
antibody in wild-type heads, but not in rdgB2 heads (data not shown). Therefore, all of these 
structures must express rdgB protein because of the lack of staining in the rdgB2 null mutant 
heads. This suggests that the rdgB protein plays a general role in neuronal function instead 
of a highly specialized role in photoreceptors. 

Using transmission electron microscopy, we immunolocalized most of the rdgB 
signal on membranes closely associated with, but not part of, the base of the rhabdomeric 
microvilli in all the photoreceptor cells [36]. A lower level of staining may be associated 
with the base of the rhabdomeric microvilli. This is in stark contrast to the subcellular 
distribution of the norpA-encoded phospholipase C in the photoreceptor rhabdomere [7], 
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A B 

Figure 4. Immunolocalization of the rdgB protein in the Drosophila head. A. An eight micron section of a 
frozen white-eyed (w1I/8) Drosophila head was stained with a rdgB monoclonal antibody and detected with 
FITC-conjugated goat-anti-mouse IgG as described [44]. Several structures of the head are stained as follows: 
retina, r; lamina, I; medulla, m; and cortex, c. B. An eight micron section ofa frozen white-eyed (willS), rdgB2 
Drosophila head was stained with a rdgB monoclonal antibody and detected with FITC-conjugated goat-anti
mouse IgG. There is a lack of staining in the retina, optic lobes, ocelli, and brain. 

which argues against the protein-protein interaction suggested by the allele-specific suppres
sion of rdgBKSm by norpAsuIl [19]. rdgB's subcellular localization coincides with the 
subrhabdomeric cisternae (SRC), which are elaborate extensions of the endoplasmic reticu
lum running the length of the photoreceptor [4S, 46]. The SRC likely plays a role in 
rhabdomere maintenance by transporting membrane proteins to the rhabdomeric microvilli 
[4S] and acts as an intracellular Ca2+ store [46, 47]. The rdgB protein is not essential for 
establishing the SRC's structure, because the rdgBEE!70 allele, which lacks detectable rdgB 
protein [36], has a normal SRC ultrastructure prior to the onset of degeneration [4S]. The 
exact role of the rdgB protein in the SRC membrane is currently unknown and is a major 
focus of our future research. 

A Crossreacting rdgB Protein Is Expressed in the Mouse Retina 

If the rdgB protein has an important neuronal function, then it is possible that 
a rdgB homolog exists in vertebrates. Therefore, we examined if the polyclonal an
tiserum detected crossreacting epitopes in the vertebrate retina. Because the rdgB 
protein exhibits a very limited subcellular localization within the Drosophila photo
receptor, we expected that a homolog would exhibit an analogous subcellular distri
bution. We sectioned and stained nonpigmented mouse retinas with both the preimmune 
serum and an immunopurified rdgB immunoglobulin, followed by detection with Cy3-
conjugated goat anti-mouse secondary antibody. The immunopurified rdgB immuno
globulin detected two primary regions in the mouse retina, the photoreceptor inner 
segments and the outer plexiform layer (Figure SA). When mouse preimmune serum 
was used in the primary incubation, only an irregular staining pattern was detected 
in the mouse retina (Figure SB). This signal is also seen in tissue sections that were 
treated with only the secondary antibody (data not shown). The inner segment staining 
is analogous to the Drosophila photoreceptor localization, in that the signal is not in 
the rhodopsin-enriched region (rhabdomere and outer segments), but rather in the cell 
body that supports the formation of this organelle. 
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Figure 5. Immunolocalization of a crossreacting protein in the mouse retina. A. A seven micron frozen section 
of a nonpigmented mouse retina was stained with an immunopurified rdgB immunoglobulin and detected with 
a Cy3-conjugated goat-anti-mouse IgO. The layers of the retina are labeled as follows: outer segments, OS; 
inner segments, IS; outer nuclear layer, ONL; outer plexiform layer, OPL; inner nuclear layer, INL; inner 
plexiform layer, IPL. B. A seven micron frozen section of a nonpigmented mouse retina was stained with the 
rdgB mouse preimmune serum and detected with a Cy3-conjugated goat-anti-mouse IgO. The irregular signal 
throughout the retina is also observed when the sections were treated without any primary antiserum (data not 
shown). 

DISCUSSION 

The rdgB mutation in Drosophila provides an unique opportunity to gain insight into 
the general processes that are required for maintaining the highly specialized photoreceptor 
cell as well as being a model for studying retinal degeneration mechanisms. Shortly after 
ec1osion, rdgB mutants exhibit loss of the electrophysiologicallight response. Several days 
later, there are obvious signs of photoreceptor degeneration, such as rhabdomere loss and 
photoreceptor cell death. The connection between these two phenotypes and the mechanisms 
that lead to these phenotypes are not known. We anticipate that a combination of molecular, 
genetic, and biochemical approaches will help to elucidate the role of the rdgB protein in 
visual transduction and in the prevention of photoreceptor degeneration. 

The rdgB gene encodes a novel phosphatidylinositol transfer protein. We demon
strated that the amino terminus of rdgB possesses the ability to move phosphatidylinositol 
between two different membranes. As rdgB is an integral membrane protein of approximately 
160 kDa [36], it is unlikely to move between membranes as observed for the soluble PI-TPs, 
which range from 24 to 36 kDa [40]. However, the distance between the SRC and the 
rhabdomere is approximately 20 nm [45], which could be spanned by the 498 amino-terminal 
amino acids of rdgB. It is interesting to note that the rdgB protein possesses six hydrophobic 
domains. If the purpose of the hydrophobic domains are to embed the protein in a membrane, 
then one domain would be sufficient. The presence of six domains suggests that this region 
of the protein plays a critical role in the function of the molecule and that rdgB is not 
functioning simply as a PI-TP molecule. This is consistent with the soluble rdgB PI-TP 
truncated protein failing to restore the wild-type light response and prevent degeneration in 
germline transformed flies. Finally, the rdgB protein binds Ca2+ in vitro. One of the 
consequences of invertebrate visual transduction is the IPrmediated rise in intracellular 
Ca2+. Because rdgB exhibits a light-enhanced degeneration, it is possible that the inability 
of rdgB to respond to the rise in intracellular Ca2+ leads to the degeneration. 
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When we put all of the data together for the functional domains of the rdgB protein, 
we can envision three potential roles for the molecule. The first is based upon the role of 
PI-TPs in membrane trafficking and the inositol signaling cascade. Reconstitution experi
ments in permeabilized PC 12 cells suggest that PI-TP activity is necessary for regulated 
secretion, specifically the ATP-dependent Caz+ -activated fusion of secretory granules with 
the plasma membrane [48]. Constitutive secretion dependence on PI-TP is observed in the 
Saccharomyces cerevisiae sec 14 mutant, which displays an abnormal accumulation of Golgi 
membranes [49]. The secJ 4 gene encodes a PI-TP that has similar in vitro catalytic properties 
as mammalian PI-TP. see14 mutants are defective in transport of secretory glycoproteins 
from a late Golgi compartment [49, 50]. This suggests that PI-TPs can stimulate membrane 
transport from the Golgi by elevating the phosphatidylinositol:phosphatidylcholine ratio in 
the Golgi membrane [51]. In photoreceptor cells, rdgB protein is found in the region where 
the SRC juxtaposes to the rhabdomeric membranes, suggesting that it is involved in 
membrane movement from the SRC to the rhabdomere. Many essential phototransduction 
components are expected to move to the rhabdomere through such a transport process [45]. 
For example, rhodopsin has been localized in the SRC [52]. Additionally, the vesicles that 
transport rhodopsin to the rhabdomeres will likely be enriched in PI, which can be phospho
rylated to produce PIPz, the substrate for the norpA-encoded phospholipase C. A role for 
PI-TPs in inositol signaling has been demonstrated by its prerequisite in reconstituting 
GTPyS-mediated PLC activity in partially differentiated granulocytes [53]. It is possible that 
rdgB functions to stimulate vesiculation from the SRC as well as provide PI for the 
phototransduction cascade. This rdgB-dependent membrane transport to the rhabdomere 
may be regulated by the intracellular Ca2+ level, which is increased by the light-activated 
visual cascade. 

A second model supposes that phosphatidylinositol and/or its phosphorylated deriva
tives may bind as a ligand to activate an unidentified function of the rdgB protein. It was 
recently shown that SEC14p regulates choline-phosphate cytidylytransferase (CCTase), the 
rate determining enzyme of the CDP-choline pathway for phosphatidylcholine biosynthesis 
in S. eerevisiae, differentially depending upon the lipid ligand bound to the PI-TP [54]. The 
transfer of PI or PC appears unrelated to this regulation as the rat brain PI-TP is incapable 
of mimicking the effect ofSEC14p on CCTase. Similarly, PI, phosphorylated PI derivatives, 
or PC could be the ligand for rdgB which affects another function, possibly Ca2+ uptake into 
the SRC. The Ca2+-binding domain of the rdgB protein lies on the presumed cytosolic face 
of the SRC membrane, which is adjacent to the base of the rhabdomeric microvilli. The close 
apposition between the microvilli and the SRC membrane may facilitate loading of the SRC 
Ca2+ stores via an rdgB-mediated process. In the rdgB mutant, this activity would be missing 
and the photoreceptor cell would exhibit a rise in intracellular Ca2+ upon light stimulation. 
Because the resting potential of the cell would have difficulty being restored, further 
electrophysiologicallight responses could not occur. Similarly, the increased Ca2+ in the cell 
could cause the photoreceptor to degenerate. 

Finally, the rdgB protein could exhibit some novel function that is not clear. The 
PI-TP domain may be used solely for binding the amino-terminus of the protein in the 
rhabdomeric microvillar membrane. It is possible that binding of Ca2+ could affect the 
affinity of the amino-terminus for PI and PC, which could alter its binding affinity for the 
rhabdomere. This would suggest that rdgB could stabilize the SRC compartment adjacent 
to the rhabdomere based on the PI/PC ratio ofthe microvillar membranes. In rdgBEEI70 flies, 
the SRC gradually disintegrate upon light exposure and prior to the disintegration of the 
rhabdomere [45], which implicates rdgB in SRC maintenance. The light-induced hydrolysis 
ofPIP2 could have a dramatic effect on the PI content in the rhabdomeric membranes, which 
could initiate the rdgB-dependent degeneration. However, the loss of the ERG light response 
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is observed well before any morphological change in the SRC, which also establishes a role 
for rdgB in photoreceptor physiology. 

While our work established potential activities associated with the rdgB protein, the 
mechanism for rdgB-induced retinal degeneration remains elusive. Our working model is 
that rdgB is required to transport PI or proteins involved in phototransduction from the SRC 
to the photoresponsive rhabdomeric membranes. Because rdgB mutants show an aberrant 
light response before there is substantial degeneration [19], the SRC and rhabdomeres must 
not have established proper conditions for phototransduction. The SRC degenerates before 
the rhabdomeres, which suggests that the rhabdomeres are gradually lost as a consequence 
of inadequate maintenance by the SRC [45]. Localization of the rdgB protein to the SRC 
membrane is consistent with the importance of this organelle in rdgB degeneration. Thus, 
we imagine that regulated interactions between the SRC and the rhabdomere normally 
establish conditions for photo transduction, and the regulation of these are aberrant in rdgB 
mutants. As a consequence, a cascade of events, perhaps involving a rise in intracellular Ca2+ 

via voltage-gated Ca2+ channels [55], leads to degeneration. 
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Animal models have been successfully used for the identification of a number of 
genes that are mutated in human retinal degenerations. For example, the study of the rds 
(Travis et al., 1989), rd (Bowes et al., 1993; Pittler and Baehr, 1991) and shaker-l (Gibson 
et al., 1995) mutants in the mouse has led to the identification of mutations in the genes for 
peripherin/rds (Farrar et al., 1991; Kajiwara et al., 1991) and rod cGMP phosphodiesterase 
13 subunit (McLaughlin et al., 1993) that give rise to retinitis pigmentosa (RP) in man, and 
to a mutation in the gene for a myosin type Vll in Usher syndrome type IB (Weil et al., 
1995). An additional source of mutations with effects on the visual process is present in the 
fruitfly, Drosophila melanogaster. As phototransduction in mammals involves a signal 
transduction pathway that is distinct from that used in invertebrate photoreceptors, the genes 
mutated in these retinal degenerations (Smith et al., 1991; Wu et al., 1995) have not been 
considered in detail as a cause of human retinal disease. 

In Drosophila, phototransduction involves the light stimulated breakdown of 
phosphatidylinositol-4-5-bisphosphate (PIP2) into two second messengers, inositol 
triphosphate (IP3) and diacylglycerol (DAG) using a phosphoinositide-specific phospholi
pase C (PI-PLC). These second messengers modulate intracellular signaling through the 
activation of protein kinase C and the release of intracellular calcium. Several members 
of this pathway are mutated in Drosophila retinal disease (see Table 1) and there is now 
convincing evidence to support an analogous pathway(s) in the mammalian retina. As a 
consequence, we are considering whether parallels exist between Drosophila and mam
malian retinal disease. Initially we have focused on the chromosomal map position of 
genes which are involved in PI-PLC-mediated signaling and their comparison with known 
retinal disease causing loci. 

Degenerative Diseases of the Retina, Edited by Robert E. Anderson et al. 
Plenum Press, New York, 1995 255 
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Table 1. Examples of the genes mutated in Drosophila retinal degenerations 

Drosophila mutant 

norpA (no receptor potential A) 

Reference 

Hotta and Benzer, 1970 
Pak et al., 1970 

rdgA (retinal degeneration A) Hotta and Benzer, 1970 
rdgB (retinal degeneration B) Hotta and Benzer, 1970 
eye-CDS (CDP-DAG synthase) Wu et al., 1995 
inaC (inactivation no after potential C) Pak, 1979 

Gene Reference 

PLC Bloomquist et al., 1988 

DAGK Masai et al., 1993 
MBPITPN Vihtelic et al., 1993 
CDP-DAG Wu et al., 1995 
PKC Smith et al., 1991 

EVIDENCE FOR A PHOSPHOLIPASE C- MEDIA TED 
LIGHT-ACTIVATED SIGNAL TRANSDUCTION PATHWAY IN 
THE MAMMALIAN RETINA 

Several lines of evidence support the existence of a light-activated PLC-mediated 
signal transduction pathway in the mammalian retina. The light-activated breakdown ofPIP2 

is well established (Das et al., 1987; Millar et aI., 1988); furthermore the identification of a 
PLC that is predominately expressed in the retina, and shares strong homology to the norpA 
PLC identified in Drosophila (Bloomquist et al., 1988), suggests that this particular pathway 
is confined to the retina. Subsequent immunocytochemical studies have localised this PLC 
specifically to cone outer segments indicating a possible role for this PI-PLC in cone 
phototransduction (Ferreira and Pak, 1994). The observation that protein kinase C a 
(PRKCA) is also expressed specifically in cones (Ohki et al., 1994) provides further evidence 
in favour of a cone-specific PLC-mediated signaling cascade. This does not preclude the 
existence of a similar pathway in rod photoreceptors since PLC and PKC activities have 
been observed in the bovine ROS (rod outer segments) (Kelleher and Johnson, 1985; 
Ghalayini et al., 1987, 1991; Gehm et al., 1990; Wolbring et aI., 1991). 

The generation of second messengers has been more difficult to confirm. Jung et al. 
(1993) have observed light activated IP3 release in the rat retina, although the only evidence 
for its origin in photoreceptors is the predominant localisation of its precursor molecule, 
PIP2, in these cells (Das et aI., 1987). The identification of IP3 receptors in photoreceptor 
cells (Day et al., 1993), although probably confined to the inner segments, also supports this 
suggestion. Kai et at. (1994) have recently identified a DAGK which is expressed predomi
nately in the retina, with a truncated and inactive form transcribed in most other tissues. The 
cellular localisation in the retina of this DAGK has yet to be determined. As DAGK is thought 
to modulate the activity of protein kinase C through its regulation of the second messenger, 
DAG (Azzi et al., 1992), its localisation to photoreceptors might also be expected. 

The observation by Newton and Williams (1991, 1993) that protein kinase C 
phosphorylates rhodopsin in a light-dependent manner suggests that this pathway is involved 
in desensitising rhodopsin. They propose that a balance may exist between PKC and 
rhodopsin kinase phosphorylation activities, with each predominating at low and high light 
levels respectively. Arrestin, which prevents activation of transducin by rhodopsin, has also 
been identified as an activator of PLC (Ghalayini et al., 1992). It is therefore possible that 
arrestin is involved in regulating the activity of both phosphorylation pathways. The PKC 
isozyme responsible for this phosphorylation activity has not been determined. Indeed 
immunocytochemical studies have failed to localise any of the known PKC isozymes to the 
rod outer segments (Usada et al., 1991; Osborne et aI., 1992; Huwiler et al., 1992; Ghaylayini 
et al., 1994; Ohki et al., 1994). It would appear that the PKC involved in the phosphorylation 
of rhodopsin has not as yet been identified. 
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PI-PLC Mediated Signal Transduction and the Defect in the RCS Rat 

The recent observation that stimulation of a PI-PLC signal pathway is absent 
in the Royal College of Surgeons (RCS) rat (Heth and Marescalchi, 1994) provides 
the first evidence to implicate an alteration in a light-activated PLC-mediated signal 
transduction pathway in mammalian retinopathy. In this recessive disorder, the process 
of phagocytosis and degradation of outer segment membranes is disrupted, leading to 
the accumulation of photoreceptor debris and retinal degeneration. Heth and Mares
calchi (1994) show that binding of the rod outer segments (ROS) to the retinal pigment 
epithelium (RPE) fails to evoke a transmembrane signal with subsequent decrease in 
PIP2 level and generation of the second messenger IP3. The pathway however can be 
stimulated by treatment with carbachol, demonstrating that the components of the 
pathway are all present and functional. Previously it has been shown that there are 
changes in the phosphorylation state of the RCS RPE compared to normal RPE, after 
phagocytic challenge. This is consistent with a change in the activation of protein 
kinases (Heth and Schmidt, 1992) which may underly the absence of the IP3 pathway 
in these rats. This is not a phenomenon confined to the RCS rat as changes in the 
phosphorylation state of rhodopsin have also been observed in other retinal degen
erations (Shuster and Farber, 1986). 

CHROMOSOMAL LOCALISATION OF MAMMALIAN GENES 
INVOLVED IN THE PLC MEDIATED SIGNAL TRANSDUCTION 
PATHWAY 

If a PI-PLC signaling pathway plays a part in the causation of retinal disease, then 
the chromosomal position of genes present in this pathway may coincide with the locations 
of retinal diseases. Previously, such fortuitous associations have led investigators to identify 
rhodopsin (McWilliam et al., 1989) and tissue inhibitor of metalloproteinases-3 (Weber, 
1994a) as the causative genes for RP (Dryja et al., 1990) and Sorby's macular dystrophy 
respectively (Weber, 1994b). Table I briefly summarises the Drosophila phototransduction 
mutants which result from a defect in some component of the PI-PLC signaling cascade. 
Mammalian genes which share sequence and functional homology to these genes and their 
chromosomal positions are described in Table 2. 

The norpA-like mammalian PLC, initially identified by Ferriera et al. (1993) has 
been mapped to human chromosome 20p (Baehr et al., 1994). Although no retinopathies 
have so far been localised to this region, PLCP4 would appear an obvious candidate for 
future linkage studies of macular disease. It could also be supposed that, given the restricted 
expression of this gene to cone photoreceptors, a rod specific PLC also exists. In Drosophila, 
mutations in an eye-specific DAGK encodes the retinal degeneration A mutant (rdgA); 
degeneration in these flies is thought to arise either from chronic activation ofPKC or from 
a lack of phosphatidic acid (PA). The identification of one form ofDAGK, DAGK3 (Kai et 
aI., 1994), that is predominately expressed in the retina, is therefore particularly interesting. 
Our current mapping studies have assigned this gene to the distal region of human chromo
some 3q (Fitzgibbon, unpublished observation). Although there are no retinal disease loci 
in this region, it will be important to determine the cellular localisation of this gene in the 
retina and compare it to that of other members of the pathway. 

The most recent mutant to be discovered in Drosophila is eye-CDS (Wu et al., 1995), 
which encodes a CDP-diacylglycerol synthetase required for the regeneration ofPl from PA. 
No mammalian homologues of this gene have so far been reported. This is also the case for 



258 J. Fitzgibbon and D. Hunt 

Table 2. Summary of the chromosomallocalisations of human genes sharing sequence and 
functional homology to genes causing retinal degenerations in Drosophila. As PLC~ shares 

strongest homology to the norpA PLC other PLC isozymes have not been included. The sequence 
ofDAGK4 has been submitted to Genbank, Ace. No. L38707. No homologues of the Drosophila 

eye-CDS have been identified 

Gene name Reference 

Phospholipase C (PLC) 
NorpA 

PLC~4 Baehr et al., 1994 

Diacylglycerol kinase (DAGK) 
rdgA 

DAGKI 
DAGK3 
DAGK4 
EST 
DOS2077E 

Schaap et al., 1990 
Kai et al., 1994 

Schaap, per. comm .. 
Adams et al., 1992 

Protein Kinase C (PRKC) 

PRKCA 
PRKCBl 
PRKCD 
PRKCG 
PRKCQ 

Knopf et al., 1986 
Knopf et al., 1986 

Mischaketal.,1991 
Knopf et al., 1991 
Baier et al., 1993 

Human chromosomal 
position 

20p 

12q 13.3 
3q 

4 or 12 
2 or 11 

17q22-q24 
16p 
3p 

19q 13.4 
10p15 

Phosphatidylinositol transfer protein (PITPN) 
rdgB 

PITPNI Dickeson et al., 1989 17p13.3 

+ 

Reference 

Baehr et al., 1994 

Hart et al., 1994 
Fitzgibbon, unpub\. observ. 

Pilz et al., 1995 
Pilz et al., 1995 

Leach et al., 1989 
Coussins et al., 1986 

Huppi et al., 1994 
Saunders et al., 1990 

Erdel et al., 1995 

Fitzgibbon et al., 1994 

the rdgB protein, a membrane bound phosphatidylinositol transfer protein (MBPITPN) 
(Vihtelic et ai., 1993) which, as the name implies, is thought to playa role in the transport 
of phospholipids. Although two mammalian PITPNs have so far been identifed (Dickeson 
et al., 1989; Tanaka and Hosaka, 1994), unlike rdgB, these do not contain any membrane 
associated domains. We have mapped one of these genes, PITPN 1, to human chromosome 
17p13.3 (Fitzgibbon et al., 1994), a region which contains a locus for an autosomal dominant 
RP (Greenberg et ai., 1994); however since this gene is expressed in a number of different 
tissues (Dickeson et ai., 1989), there is no compelling evidence to suppose that it is a strong 
candidate for this disease. The chromosomal position of PRKCG (19q 13 ,3) also co-localises 
to a region containing an adRP locus (AI-Maghtheh et al.,1994). However the absence of its 
expression in photoreceptors would suggest that an involvment in this form ofRP is unlikely 
(Osborne et al., 1992). It will however be worth refining the chromosomallocalisations of 
both these genes to exclude their involvment. 

CONCLUSION 

Although there is convincing evidence to support a light-activated PLC-mediated 
signaling pathway(s) in the mammalian retina, there is no absolute evidence to date to 
implicate mutations in this pathway as a cause of retinal degeneration. It seems likely that 
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other components of the pathway with a similarly restricted pattern of expression, as shown 
for both PLC~4 and DAGK3, will be identified in due course. We will then be in a better 
position to consider whether this pathway plays any role in the aetiology of retinal disease. 
A recent report showing that eye morphogenesis is under similar genetic controls in 
vertebrates and Drosophila (Quiring et al., 1994) suggests that this is more likely than 
previously envisaged. 
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In invertebrates, a large body of evidence about the molecular mechanisms governing the 
visual cascade has been derived from the molecular genetic dissection of the components of the 
Drosophila photoreceptor machinery (1 - 5). As the best genetically characterized metazoan 
system, Drosophila provides an advantage in some respects over the mammalian system in that 
the genes can be both molecularly and genetically dissected facilitating the association of a 
particular gene product with its in vivo cellular function. Several of the Drosophila mutants 
identified with changes in the light evoked responses also lead to photoreceptor degeneration. 
These are of particular interest, as retinal degeneration is a major cause of inherited blindness in 
humans. In addition, electrophysiological studies in Limulus photoreceptors cells have also 
provided us with an important insight into the physiology of the invertebrate visual cascade (6). 

Vertebrate rod photoreceptor cells are more amenable to biochemical manipulations 
than their invertebrate counterparts. A great deal of what is known about vertebrate pho
totransduction has been derived from in vitro studies on the biochemistry of several 
components of the visual cascade in rod outer segments, as well as, from electrophysiological 
recordings in this cell compartment (7, 8, 9). More recently, advances in mammalian genetics 
have begun to provide important information about the in vivo function of certain compo
nents involved in photoreceptor function (l0). 

PHOTOTRANSDUCTION IN VERTEBRATES AND INVERTEBRATES 

In the retina, photoreceptors are the first order neurons that confer photosensitivity 
through a cascade of complex reactions. The cascade is mediated by a G protein-coupled 
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mechanism that is analogous between vertebrates and invertebrates. Phototransduction is 
initiated with the excitation, by a photon, of a chromoprotein receptor, rhodopsin (II, 12). 
Rhodopsin consists of a chromophore, II-cis retinal, covalently linked as a protonated Schiff 
base to the apoprotein, opsin. Photoexcited rhodopsin in vertebrates and invertebrates leads 
to the activation of a GTP-binding transducer molecule, a heterotrimeric G-protein, which 
communicates the stimulus to an effector molecule that modulates the levels of one or more 
second messengers. These in tum, convey the light-stimulus to cation channels that affect 
the flow ofNa+ and Ca2+ ions across the plasma membrane of the outer segment. The resulting 
receptor potential modulates neurotransmitter release by the presynaptic terminal of photo
receptors, transmitting the light signal to second order neurons. 

The deactivation of the phototransduction cascade in vertebrates and invertebrates 
also appears to be mediated by some common biochemical mechanisms. Although the 
inactivation mechanisms have yet to be adequately resolved, one common desensitization 
mechanism is the phosphorylation of one or more of the phototransductive components. A 
key substrate is rhodopsin. Phosphorylation of rhodopsin by possibly different types of 
conserved kinases, such as rhodopsin kinase and protein kinase C, leads to the desensitization 
of the receptor (13, 14, 15). The ability of the phosphorylated receptor to stimulate the 
GTPase activity of the G-protein is further quenched by the binding to the receptor of a 
conserved protein, arrestin, which may compete for a common binding site with the 
G-protein (16, 17). The level of intracellular Ca2+ in photoreceptors also appears to be a key 
factor in mediating a series of inactivation events by influencing the sensitivity and kinetics 
of several steps in the phototransduction cascade (18 - 24). 

Despite the analogy of the phototransduction mechanism in vertebrates and inverte
brates, numerous striking differences appear to exist. These occur mainly at three well 
characterized levels of the visual cascade. First, a Gq-class photoreceptor-specific protein is 
used by invertebrates (Drosophila) to transduce the extracelullar stimulus to the intracellular 
machinery while transducin is the photoreceptor-specific G protein used in vertebrates (25, 
26). Second, another difference is in the G protein-coupled effector and consequently, the 
second messengers used to convey the light stimulus from the photopigment to the light-ac
tivated channel. In invertebrates, the effector molecule is a phosphatidylinositol phospholi
pase C (PI-PLC) encoded by the norpA (no receptor potential) gene of Drosophila (27). A 
strong mutation in the norpA gene completely abolishes the photoreceptor potential of the 
fly, drastically reduces PI-PLC activity in the eye and causes the photoreceptors to degenerate 
in a light-dependent manner (2, 28-30). This provides critical evidence that the NorpA 
protein plays a direct role in Drosophila phototransduction. In vertebrates, a cGMP-depend
ent phosphodiesterase, one subunit of which is encoded by the rd gene mediates the light 
response (31, 32). A mutation in this gene leads to high levels of cGMP in the photoreceptor 
cell and subsequently, to photoreceptor degeneration (33, 34). Finally, another major 
difference lies in the identitity of the channels that generate the receptor potential in the 
photoreceptor cells. In Drosophila, the photoreceptors depolarize upon a light stimulus and 
two channels, trp and trp-l, appear as candidates to mediate a light-induced ionic current 
(20, 35, 36). In vertebrates, however, it is well established that a cGMP-gated channel 
mediates a dark-induced cationic current in the outer segments of the photoreceptors (37). 

However, reports from electrophysiological studies in Limulus photoreceptors seem, 
in some instances, to contradict those obtained from Drosophila. For example, patch 
clamping studies have shown the presence oflight-dependent and cGMP-gated channels in 
Limulus ventral photoreceptors and that these channels could not be opened by Ca2+ (38, 
39). These results were unexpected since inositol 1,4,5-triphosphate (IP3) and Ca2+ were 
shown to be necessary for the excitation of Limulus photoreceptors similarly to what is 
thought to occur in Drosophila (40-42). Therefore, it appears that other events may take 
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place between the mobilization of Ca2+ from the intracellular stores by IP 3 and the activation 
of the light-dependent channel/s in invertebrates. 

These studies have shown therefore, that phototransduction in vertebrate photorecep
tors is based on G-protein (transducin)-mediated activation of cGMP phosphodiesterase and 
apparently, no direct role for a PI-PLC has been identified to date. Yet, there have been reports 
oflight-activated PI-PLC activity in vertebrate photoreceptors and, ofPI-PLC and IP3 receptor 
immunoreactivity in rod outer and inner segments (43 - 55). IP3 is known to be a key mediator 
in mobilizing Ca2+ from intracellular stores which is known to be an important mediator in the 
excitation and adaptation of photoreceptor cells. It is possible therefore, that the PLC product, 
IP3, could playa role in the excitation and/or adaptation of certain vertebrate photoreceptor 
cells. Furthermore, most of the biochemical studies on phototransduction in vertebrates have 
been done in rods. Most of the information derived from cone phototransduction has come from 
the identification, in cone outer segments, of orthologous components of the rod phototransduc
tion cascade (56 - 59). In addition, for the first time since 23 years ago, when Tomita recorded 
light-activated hyperpolarizing responses from cone photoreceptor cells, an interesting study 
has reported antagonistic chromatically-dependent hyperpolarization and depolarization in the 
photoreceptors of the parietal eye of the lizard (60, 61). This raises important questions about 
the molecular mechanisms underlying this chromatic antagonism. The existence of a cone cell 
expressing more than one visual pigment is known to occur and could provide a helpful insight 
into the mechanisms responsible for these chromatically-dependent responses (62). Also, it 
would be interesting to see, for example, if a phopholipase C signaling cascade is present and 
responsible for the biochemical basis of this depolarizing response. Such a signalling pathway 
could work in parallel or alternatively to the already known cGMP-dependent phosphodi
esterase cascade in some of the photoreceptor cells. 

IDENTIFICA TION AND CHARACTERIZATION OF 
norpA-HOMOLOGOUS cDNAs 

To investigate the role of inositol lipids in the visual cascade of both rods and cones we 
first tried to answer the question whether NorpA-like proteins exist in the vertebrate retina. 
Accordingly, we constructed and screened a bovine retina cDNA library at reduced stringency 
conditions by using a mixture'oftwo radiolabeled fragments representing conserved portions 
of the translated region of Boxes X and Y of the norpA cDNA. These boxes are conserved 
among all PI-PLCs to date characterized (63). As a result of this screening, one positively 
hybridyzing cDNA clone was finally selected for further analysis because Southern blot 
analysis indicated that it may be a yet uncharacterized PLC clone highly homologous to the 
norpA. In Northern blot analysis of several different bovine tissues, this cDNArecognized a 7.4 
kb transcript which was expressed at high levels in the retina and at low levels in the cerebellum 
but otherwise not in brain, spinal cord, retinal pigment epithelium, ovary, kidney, spleen or 
skeletal muscle (64-66). Sequence analysis of the initial clone and of other clones subsequently 
isolated, showed that the cDNAs fall into two major classes, I and II, derived by alternative 
splicing (Figure I A) (66). Class II is 4705 nucleotides long and contains a complete, long open 
reading frame that begins with the methionine start codon. Several stop codons are present in 
all reading frames upstream of the proposed translation start site. This class represents a 
truncated form, at the NHz-terminus, of class I. Class I is 4531 nucleotides long and still 
contains an incomplete long open reading frame suggesting that it represents a PLC class with 
an extended NHTterminus like the NorpA gene product (Figure IA). When we compare class 
II with I, class II has an out offrame deletion of 58 nucletides (P3 domain) and a different 5' -end 
sequence, both derived probably from an alternative splicing mechanism (Figure lA). 
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Interestingly, P I and P2 domains of classes II and I, respectively, seem to have acceptor 
splice consensus sequences, Y(n)T/CAGN (Y, represents a pyrimidine), at the 3'-boundaries, 
raising the possibility that these domains are produced by splicing within the exon. In addition, 
there are two other minor cDNA subclasses, A and B, which differ only by the presence, or 
absence, of36 nucleotides, P4 domain, within the open reading frame (Figure IA). Similarly, 
P3 domain has a consensus sequence of an acceptor splice site (CAG) at the 3'-boundary 
leading also to the possibility that this domain is produced through the use of a splice site within 
an exon. A similar instance of usage of a criptic splice site within an exon has been suggested 
in the generation ofinositoll,4,5-triphosphate receptor subtypes in the mouse brain (67). 

PRIMARY STRUCTURE ANALYSIS of NorpA COGNATE PROTEINS 

Conceptual translation of the cDNAs, thus, generates four potential isoforms of the 
bovine protein: Class II, Forms A and B (907 and 919 amino acids, respectively), and Class 
I, Forms A and B (lOll and 1023 amino acids, respectively). Unlike any other known PLCs, 
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Figure 1. Panel A. Structure of bovine retinal PI-PLC cDNA Classes I and II showing putative, alternatively 
spliced regions. cDNA segments corresponding to regions that are putatively spliced are labeled PI, P2, P3, 
and P4. Non-coding regions are shown as thin bars. PI and P2 are 5'-end sequences unique to Class II and 
Class I cDNAs, respectively. P3 is present in Class I cDNA but not in Class II cDNA. Because P3 represents 
a frame-shift deletion for class II cDNA, the same 5'sequences that bare coding in Class I cDNA is non-coding 
for Class II cDNA. P4 is present in Form B but not in Form A of either Class I or Class II cDNA. Boxes X and 
Yare regions of highest sequence conservation found in known P!-PLCs. Panel B. Structure of protein-coding 
regions of bovine retinal PI-PLC and identification of conserved GTPase sequence motit:~. Ext Box X and Ext 
Box Yare extended regions of sequence conservation found in known PI-PLCs (Fig. 2). Conserved sequence 
motifs of the GTPase superfamily, G 1, G2, G3, G4, and G5, are compared among five PI-PLCps at the bottom 
of the figure. The amino acid residues that match the consensus sequences are capitalized and boldfaced. X is 
any amino acid residue. Bov Retp, bovine retinal PI-PLCs (66); Dro norpAp, Drosophila norpA protein (27); 
Dro plc-2iP, Drosophila plc-2i protein (68); Bov PLql, bovine brain PLCP (69); Hum PLCP2, human 
PLCP2 (70). 
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class II retinal PLC lacks most of the N-terminal region, making it a unique PLC. Comparison 
of the deduced protein sequence with other known PI-PLC sequences showed that (Figure 
2): 1) all these new protein isoforms have a high sequence similarity to to PI-PLCs, especially 
within the two conserved domains X and Y, and their flanking regions, extended boxes X 
and Y; 2) this bovine retina-specific PI-PLC has the highest sequence similarity to the NorpA 
protein of any PLCs known to date, 76% and 78% identity in boxes X and Y, respectively; 
3) its overall primary structure is that of the beta class containing a long C-terminus sequence 
and an "acidic" region between boxes X and Y. 

When we analyzed the primary structure of all four isoforms of the bovine retinal 
PLCs for the existence of protein sequence motifs, we observed the presence of all five 
conserved GTPase sequence motifs, G 1, G2, G3, G4, and G5, found in proteins of the 
GTPase superfamily (73). These motifs are also conserved in Drosophila NorpAprotein but 
not in any other PI-PLCs (Figure IB), suggesting that GTP might play an important role in 
the function or regulation of these retinal PLCs. In addition, other sequence motifs were 
present in the bovine NorpA homologue proteins. Most of the beta PI-PLCs cloned to date 
contain one or more PEST regions suggesting that these proteins are likely to be metabo
lically very labile (74). PEST proteins are characterized by segments containing negatively 
charged residues or residues that become so upon phosphorylation. The region between 
boxes X and Y of this retinal PI-PLC consists of residues that are over 50% negatively 
charged or which can become so upon phosporylation. Although the C-terminus region of 
this protein does not exhibit high sequence similarity to that of norpA, both have a high 
number of serines and threonines. The C-terminal region has been implicated in a regulatory 
role in the activation ofthese enzymes by G-proteins. The low similarity of this region among 
PI-PLCs ofb class might reflect different interactions with different subclasses oftrimeric 
G-proteins. 
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Figure 2. Amino acid conservation between bovine retinal PI-PLC and other PI-PLCs. Percent amino acid 
identity is compared between bovine retinal PI-PLC and six other representative PI-PLCs within four regions: 
Box X, Extended Box X, Box Y and Extended Box Y. The bovine retinal PI-PLC structure is shown at the top. 
Large numbers above the boxes, represent the identity between the retinal PLC and those of other PI-PLCs 
within boxes X or boxes Y. Small numbers above the boxes, represent the identity between the retinal PLC 
and those of other PI-PLCs within the entire extended boxes X or boxes Y. The identity is highest between 
bovine retinal PI-PLC and the Drosophila norpA protein. Bov Ret~, bovine retinal PI-PLCs (66); Dro norpA~, 
Drosophila norpA protein (27); Dro plc-21~, Drosophila plc-21 protein (68); Bov PLC~ 1, bovine brain PLC ~ 
(69); Hum PLC~2, human PLC~2 (70); BovPLCg 1, bovine brain PLCg1 (71); BovPLCd1• bovine brain PLed1 

(72). 
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TISSUE IN SITU AND IMMUNOLOCALIZATION OF THE NorpA 
HOMOLOGOUS BOVINE PRODUCTS IN RETINA 

Localization of the retina PLC transcripts by in situ hybridization revealed that the 
mRNAs were localized in the outer nuclear layer, innner nuclear layer and ganglion cell 
layers (Figure 3) (66). The staining of the outer nuclear layer was more intense to that region 
adjacent to the external limiting membrane where over 50 % of cone nuclei are known to lie 
(75). Therefore, this pattern might reflect a cone-specific distribution. Immunolocalization 
of the NorpA-homologue PLCs in retina cryosections with antibodies generated against 
poorly conserved regions of the retinal PLC showed that in fact, the proteins are localized 
in the inner and outer segments of cones but not of rod photoreceptor cells (76). In addition, 
the retinal PLCs were also present in the outer and inner plexiform layers as well as horizontal 
and/or bipolar cells and ganglion cells of the retina. 

The NorpA protein of Drosophila is the only other known PLC that is expresed 
predominantly in the retina (27, 77). A recent report however, has shown that the protein is 
also expressed in the brain and male (but not female) abdomen albeit at a lower level than 
that in the eye of the fly (78). Northern blot analysis with the same probe used to detect the 
bovine retinal 7.4 kb transcript detected, in addition, a putative alternatively spliced and 
lower molecular weight transcript in the mouse testis but not bovine ovary (66). Therefore, 
the tissue distribution of the bovine retinal PLCs and that of the NorpADrosophila protein 
appear to parallel each other. 

Western blot analysis showed that Class II and I NorpA PLCs are localized, respec
tively, in the membrane and cytosol fraction of retinal extracts. An antibody against P4 
domain predominantly detects an aproximately 100 kD band in the membrane retinal 
fraction, while an antibody against the C-terminal region detects a 130-140 kD band in the 
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Figure 3. Tissue in situ hybridization. Panels A 
and B show, respectively, light and dark field 
micrographs of a bovine retinal cryosection 
probed with antisense cRNA sythesized from the 
cDNA fragment which comprises Box Y of bo
vine retinal PI-PLC. Panel C shows a dark field, 
control micrograph probed with sense cRNA gen
erated from the same eDNA fragment. ROS, rod 
outer segment; OPL, outerplexiform layer; ONL, 
outer nuclear layer; IPL, inner plexiform layer; 
INL, inner nuclear layer; GCL, ganglion cell 
layer. Scale bar: 30um. 
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cytosolic fraction. These results are in accordance with the predicted molecular weight of 
104 kD for class II PLC and with the biochemical purification from mouse cerebellum of a 
97 kD PLC with peptide sequence identical to the deduced protein sequence of class II cDNA 
(79). Subsequently, Rhee laboratory have purified the 130 kD PLC from bovine retina with 
identical peptide sequence to class I PLC (80). 

CONCLUSION 

Taken together, these results show: 1) that the bovine retinal PLCs are closely related 
to the NorpA protein in structure and probably function, and 2) that cone but not rod 
photoreceptors outer and inner segments (as well as other retinal neurons) contain a PI-PLC 
transduction pathway that is mediated by a norpA-like PLC signalling pathway that is 
probably light activated as suggested by previous biochemical reports. Cone outer segments 
are the structures specialized to carry out photoreception and photo transduction. The 
presence ofNorpA-homologous PLCs in cone outer segments suggests that one or more of 
these new retinal PLC isoforms could be involved in phototransduction and that the light 
transduction pathway in cones is not identical to that in rods as it had been assumed to date. 
For example, cones or a certain subclass of cone photoreceptor cells could employ a PI-PLC 
pathway in parallel with a cGMP phosphodiesterase light-activated cascade similar to that 
of rods. Alternatively, these retinal PLCs could be involved in some other signaling cascade. 
Finally, since norpA mutations cause retinal degenerations in Drosophila in a light-depend
ent manner, a defect in this PLC could lead to specific degeneration of cone photoreceptor 
cells. Degeneration of the macula, the cone dominated central patch of the retina, does occur 
and leads to severe visual impairment in humans. 

PROCESSING COMPONENTS OF THE PHOTOTRANSDUCTION 
MACHINERY 

In order for the phototransduction machinery of invertebrates and vertebrates to 
work, all of their protein components need to be correctly processed and sorted in photore
ceptor cells. This requires the existence of a processing machinery, in which a defect could 
seriously impair the function of the visual cascade. One might ask for example, how the vast 
amounts of opsin in vertebrate and invertebrate photoreceptors are properly processed and 
sorted to the outer segment subcellular compartment. 

Once again, Drosophila has proved to be an excellent system to dissect out genetically 
this processing machinery. William Pak and coworkers have isolated several mutations, named 
nina (neither inactivation nor afterpotential) based on their ERG phenotype (3, 81). These fall 
into several complementations groups (ninaA-H), all of which cause severe reductions in the 
amount of rhodopsin in the Drosophila compound eye and consequently, a reduced prolonged 
depolarizing afterpotential (PDA). However, mutations in two of these complementation 
groups, ninaA and ninaE, only affected the rhodopsin content in a subset of photoreceptor cells, 
RI-6 (82). ninaA gene was shown to encode for a photoreceptor-specific and ER resident small 
transmembrane protein with strong homology to the cyclophilin proteins (83-85). The cyclo
phi lin domain of NinaA is thought to lie inside the lumen of the ER while a short stretch of 
amino acids at the C-terminal region face the cytoplasm. Discovery of this gene came as a big 
surprise as over a century of research on vertebrate rhodopsin gave no clue that a cyclophilin
like protein would playa role in the photoreceptor cells. 
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The in vivo function of the NinaA protein is not yet well understood, but reports that 
the enzyme, peptidyl prolyl cis-trans isomerase (PPlase), which is identical to cyclophilins, 
accelerates protein folding in vitro, led to the proposal that NinaA might be involved in the 
folding of opsin (83-87). However, mutations in the ninaA gene affecting regions lying 
outside the PPlase domain, for example, in the C-terminal cytoplasmic domain still lead to 
reduced levels of Rl-6 opsins (83, 88). It is therefore, conceivable that the PPIase activity 
of cyclophilins observed in vitro might not reflect the functional role of the NinaA protein 
(and other cyclophilins) in vivo. Another puzzling observation is that although ninaA is 
expressed in all subclasses of photoreceptor cells, ninaA mutations only affect R 1-6 but not 
R 7 and R8 photoreceptor opsins (82, 85). This protein could have an additional and/or 
alternative function to the proposed PPlase activity. Recently, Zucker and coworkers showed 
that this protein forms a stable complex with Rl-6 rhodopsin in vivo suggesting therefore, 
that the NinaA protein might work as a chaperone for Rl-6 opsin (89). Thus, to date, the 
NinaA protein is the only molecularly characterized member of the large cyclophilin family 
for which the specific substrate and a probable function in vivo have been identified. 

If Drosophila rhodopsin requires a cyclophilin for its synthesis, transport, or matu
ration, one might ask whether mammalian opsin also require cyclophilins in a similar role. 
However, no evidence has ever been reported that suggests the need for a cyclophilin-like 
protein in the processing of vertebrate opsins. 

PRELIMINARY IDENTIFICATION AND CHARACTERIZATION 
OF ninaA-LIKE cDNAs 

To investigate the role of cyclophilins in the processing and sorting of vertebrate 
opsins, we first asked whether NinaA-like proteins exist in the vertebrate retina. We screened 
a bovine retina cDNA library at reduced stringency conditions by using ninaA cDNA of 
Drosophila as a probe. Sequence analysis of the ninaA-hybridizing bovine cDNA clones 
showed that they represent two isoforms, Type I and II, of a novel ninaA-related bovine 
protein that are generated by alternative RNA splicing (90). In Northern analysis, Type I and 
II cDNA probes detected, respectively, 10 kb and 3.1 kb transcripts that are present in the 
retina but not in other bovine tissues tested. Longer exposures times detect the larger 
transcript also in the brain. In situ hybridizations of antisense RNA probes to bovine retinal 
sections showed that both Type I and II RNAs are found in all nuclear layers including the 
photoreceptor nuclear layer. Immunocytochemical results suggest that the proteins are 
localized in the cone but not rods inner and outer segments of photoreceptor, outer and inner 
plexiform layer and some ganglion cells. 

The deduced sequences of both Type I and Type II isoforms of the new bovine 
proteins have near their C-terminus a conserved "cyclophilin domain," which is, on the 
average, 60% identical to previously characterized cyclophilins. Otherwise, they are quite 
unlike any other cyclophilin characterized to date. They are characterized by the presence 
of extended N - terminal sequences, which are over 900 and 100 amino acids long for Type 
I and II, respectively. The very long N-terminal region of the Type I protein contains at least 
two sets of tandem repeat domains and another cyclophilin-like domain (CLD), where most 
of the structural residues present in the C-terminal cyclophilin domain are conserved. 
Biochemical analysis of these cyclophilins expressed in E. coli showed that I) all exhibit 
low PPlase and CsA-binding activities; 2) type I cyclophilin contained a conserved domain 
responsible for interacting with a 24 kDa GTP-binding protein; 3) they are capable of binding 
red/green but not the blue cone or rod opsins in a GTP-independent manner in the presence 
of crude retinal extracts. 
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CONCLUSION 

The results, thus, identify a novel class of mammalian cyclophilins with unique 
primary structures and retina-specific tissue localization. The cone-specific localization 
among the photoreceptor cells suggests that these cyclophilins are involved in retina-specific 
functions. One of these functions could be specific interactions with opsin during its 
synthesis or maturation, as in the case of the NinaA protein. It has been suggested that the 
NinaA protein acts as a folding catalyst for rhodopsin/opsin during its synthesis or matura
tion. However, the NinaA protein, as well as the bovine retinal proteins identified in this 
study, the only other retina-specific cyclophilins known, are neither very abundant nor have 
high PPIase activity. Thus, the notion that they act as folding catalysts for rhodopsin may 
require revision. For example, interactions with the long-wavelength cone opsin may involve 
some other specialized cell function during the synthesis or maturation of opsin, such as 
subcellular targeting and/or chaperoning of opsin. 

ACKNOWLEDGMENTS 

The authors thank G. Travis, S. Azarian, D. Horvath and W. Kedzierski for helpful 
commments with the preparation of the manuscript. This work was supported by a grant 
from the National Eye Institute (EY00033). P.A.F. was supported in part by a North Atlantic 
Treaty Organization (NATO) postdoctoral fellowship. 

REFERENCES 

1. Pak, W. L., Grossfield, 1., and White, N.Y. (1969). Nonphototactic mutants in a study of vision of 
Drosophila. Nature (London) 222, 351-354. 

2. Pak, W. L., Grossfield, 1., and Arnold, K. (1970). Mutants of the visual pathway of Drosophila 
melanogaster. Nature (London) 227, 518-520. 

3. Pak, W. L. (1979) Study of photoreceptor function using Drosophila mutants. In Breakefield XO (ed): 
"Neurogenetics: Genetic Approaches to the Nervous System," New York: Elsevier North Holland, pp 
67-99. 

4. Pak, W. L. (1991) Molecular genetic studies of photoreceptor function using Drosophila mutants. In D. 
Farber and G. Chader (ed): "Molecular Biology of the Retina: Basic Clinically Relevant Studies," New 
York: Wiley-Liss, Inc. pp \-32. 

5. Ranganathan, R., Harris, W. A., and Zucker, C.S. (1991). The molecular genetics of invertebrate 
phototransduction. Trends in Neuroscience 14, 486-493. 

6. Payne, R. (1986). Phototransduction by microvillar photoreceptors of invertebrates: mediation of a visual 
cascade by inositol triphosphate. Photobiochem. Photobiophys. 13,373-397. 

7. Pugh Jr., E. N., and Lamb, T. D. (1990). Cyclic GMP and calcium: the internal messengers of excitation 
and adaptation in vertebrate photoreceptors. Vision Res. 30, 1923-1948. 

8. Stryer, L. (1991). Visual excitation and recovery. J. BioI. Chern. 266, 1071\-\ 0714. 
9. Kaupp, U. B., and Koch, K.-W. (1992). Role of cGMP and Ca2+ in vertebrate photoreceptor excitation 

and adaptation. Annu. Rev. Physiol. 54, 153-175. 
10. Wright, A . F. (1992). New insights into genetic eye disease. Trends in Genetics 8, 85-91. 
II. Hargrave, P. A. and McDowell, 1. H. (1992). Rhodopsin and phototransduction: a model system for 

G-protein-linked receptors. The FASEB J. 6, 2323-2331. 
12. O'Tousa, J. E. and Pak, W. L. (1988). Molecular analysis of visual pigments genes. Photobiochem. 

Photobiol. 47, 877-882. 
13. Palczewski, K., Buczylko, J. , Lebioda, L., Crabb, J. and Polans, A. (1993). Identification of the N-terrninal 

region in rhodopsin kinase involved in its interaction with rhodopsin. J. BioI. Chern. 268, 6004-6013. 
14. Kelleher, D. 1. and Jonhson, G.L. (1986). Phosphorylation of rhodopsin by protein kinase C in vitro. J. 

BioI. Chern. 261, 4749-4757 



272 P.A. Ferreira and W. L. Pak 

15. Doza, Y.N., Minke, B.,Chorev, M. and Selinger, Z. (1992). Characterization offly rhodopsin kinase. Eur. 
J. Biochem. 209, 1035-1040. 

16. Dolf, P. J., Ranaganathan, R., Colley, N. 1., Hardy, R. w., Socolich, M. and Zucker, C. S. (1993). Arrestin 
function in inactivation ofG protein-coupled receptor rhodopsin in vivo. Science 260,1910-1916. 

17. Gurevich, V. v., and Benovic, J. L. (1993). Visual arrest in interaction with rhodopsin. J. BioI. Chern. 268, 
11628-11638. 

18. Payne, R., Flores, T. M. and Fein, A. (1990) Feedback inhibition by calcium limits the release of calcium 
by inositol triphosphate in Limulus ventral photoreceptors. Neuron 4, 547-555. 

19. Sandler, C. and Kirschfeld, K. (1991). Light-induced extracellular calcium and sodium concentration 
changes in the retina of Calliphora: involvement in the mechanism of light adaptation. 1. Compo Physiol. 
169, 229-311. 

20. Hardie, R. C. and Minke, B. (1993). Novel Ca2+ channels underlying transduction in drosophila 
photoreceptors: implications for phosphoinositide-mediated Ca2+ mobilization. Trends in Neuroscience 
16,371-376. 

21. Ranganathan, R., Bacskai, B., Tsien, R. and Zucker, C.S. (1994) . Cytosolic calcium transients: spatial 
localization and role in Drosophila photoreceptor cell function. Neuron 13, 837-848. 

22. Hardie, R. C. (1995). Photolysis of caged Ca2+ facilitates and inactivates but does not directly excite 
light-sensitive channels in Drosophila photoreceptors. J. Neuroscience IS, 889-902. 

23. Fain, G. L. and Matthews, H. R. (1990). Calcium and the mechanism of light adaptation in vertebrate 
photoreceptors. Trends in Neuroscience 13, 378-384. 

24. Gray-Keller, M. P. and Detwiler, P. B. (1994). The calcium feedback signal in the phototransduction 
cascade of vertebrate rods. Neuron 13, 849-861. 

25. Lee, Y.-J., Shah, S., Suzuki, E., Zars, T., O'Day, P. and Hyde, D. R. (1994) The Drosophila dgq gene 
encodes a Ga protein that mediates phototransduction. Neuron 13, 1143-1157. 

26. Fung, B. K.-K. (1987) Transducin:structure, function, and role in phototransduction. In Osborne N. N., 
Chader G. J., eds. "Progress in Retinal Research," Oxford: Pergamon Press, 6, 151-177. 

27. Bloomquist, B. T., Shortridge, R. D., Schneuwly, S. , Perdew, M., Montell, C., Steller, H., Rubin, G., and 
Pak, W. L. (1988). Isolation of a putative phospholipase C gene of Drosophila, norpA, and its role in 
phototransduction. Cell 54, 723-733. 

28. Hotta, Y., and Benzer, S. (1970). Genetic dissection of the Drosophila nervous system by means of 
mosaics. Proc. Natl. Acad. Sci. USA 67, 1156-1163. 

29. Inoue, H. Yoshioka, T. and Hotta, Y. (1985). A genetic study of inositol triphosphate involvement in 
phototransduction using Drosophila mutants. Biochem. Biophys. Res. Commun. 132, 513-519. 

30. Meyertholen, E. P. , Stein, P. J., Williams, M. A., and Ostroy, S. E. (1987). Studies of the Drosophila norpA 
phototransduction mutant, II. Photoreceptor degeneration and rhodopsin maintenance. J. Compo Physio!. 
161, 793-798. 

31. Bowes, C., Li, T. Danciger, M., Baxter, L., Applebury, M., and Farber, D. (1990) Retinal degeneration in 
the rd mouse is caused by a defect in the b subunit of the rod cGMP-phosphodiesterase. Nature 347, 
677-680. 

32. Lem, J., Flannery, J., Li, T., Applebury, M., Farber, D. and Simon, M. (1992) Retinal degeneration is 
rescued in transgenic rd mice by expression of the cGMP phosphodiesterase b subunit. Proc. Nat!. Acad. 
Sci. USA 89, 4422-4426. 

33. Farber, D. B. and Lolley, R. N. (1974) Cyclic guanosine monophosphate: elevations in degenerating 
photoreceptor cells of the C3H mouse retina. Science 186, 449-451. 

34. Farber, D. B. and Lolley, R. N. (1976) Enzymatic basis for cyclic GMP accumulation in degenerative 
photoreceptor cells of mouse retina. J. Cyclic Nucleotide Res. 2, 139-148. 

35. Hardie, R. and Minke, B. (1992). The trp gene is essential for a light-activated Ca2+ channle in Drosophila 
photoreceptors. Neuron 8, 643-651. 

36. Phillips, A. M., Bull, A. and Kelly, L. E. (1992) Identification of a Drosophila gene encoding a 
calmodulin-binding protein with homology to the trp phototransduction gene. Neuron 8, 631-642. 

37. Yau, K.-w. (1994). Phototransduction mechanism in retinal rods and cones. Invest. Ophtalmol. Vis. Sci. 
36, 263-275. 

38. Johnson, E. C., Robinson, P. R., and Lisman, J. E. (1986). Cyclic GMP is involved in the excitation of 
invertebrate photoreceptors. Nature 324, 468-470. 

39. Bacigalupo, J., Johnson, E., Vergara, C., and Lisman, J. (1991). Light-dependent channels from excised 
patches of Limulus ventral photoreceptors are open by cGMP. Proc. Natl. Acad. Sci. USA 88,7938-7942. 

40. Fein, A., Payne, R., Corson, D. w., Berridge, M. J. and Irvine, R. (1984) Photoreceptor excitation and 
adaptation by inositol 1,4,5-triphosphate. Nature 311, 157-160. 



Vertebrate Homologs of Drosophila Pbotoreceptor Proteins 273 

41. Brown, 1., Rubin, L., Ghalayini, A., Tarver, A., Irvine, R., Berridge, M. and Anderson, R. E. (1984) 
Myo-inositol polyphosphate may be a messenger for visual excitation in Limulus phootreceptors. Nature 
311, 160-162. 

42. Shin, 1., Richard, E. and Lisman, 1. E. (1993). Ca2+ is an obligatory intermediate in the excitation cascade 
of Limulus photoreceptors. Neuron, 11, 845-855. 

43. Anderson, R. E., and Brown, 1. E. (1988). Phosphoinositides in the retina. In Osborne N. N. and Chader 
G. 1., eds. "Progress in Retinal Research," Oxford: Pergamon Press, 9, 211-228. 

44. Das, N. D., Yoshioka. T., Samuelson, D., and Shichi, H. (1986). Immunocytochemical localization of 
phosphatidyl-4,5-biphosphate in dark- and light-adapted rat retinas. Cell Struc. Funct. 11,53-63. 

45. Gehm, B. D., and Mc Connel, D. G. (1990). Phosphatidylinositol-4,5-biphosphate phospholipase C in 
bovine rod outer segments. Biochemistry 29,5447-5452. 

46. Ghalayini, A., and Anderson, R. E. (1984). PhosphatidylinositoI4,5-bisphosphate: light-mediated break
down in the vertebrate retina. Biochem. Biophys. Res. Comm. 124,503-506. 

47. Hayashi, F., and Amakawa, T. (1985). Light-mediated breakdown of phosphatidylinositol-4,5-biphos
phate in isolated rod outer segments offrog photoreceptor. Biochem. Biophy. Res. Comm. 128,954-959. 

48. lelsema, C. L. (1989). Regulation of phospholipase A2 and phospholipase C in rod outer segments of 
bovine retina involves a common GTP-binding protein but different mechanisms of action. Ann. N. Y. 
Acad. Sci. 559,158-177. 

49. lelsema, C. L., and Axelrod, 1. (1987). In Sensory Transduction (Discussions in Neurosciences), Hud
speth, A., Macleish, P., Margolis, F. eds. (Foundations for the Study of the Nervous System, Geneva), 
Vol. 4, 79-84. 

50. Millar, F., and Hawthorne, 1. (1985). Polyphosphoinositide metabolism in response to light stimulation 
of retinal rod outer segments. Biochem. Soc. Trans. 13, 984-985. 

51. Millar, F. A., Fisher, S. c., Muir, C. A., Edwards, E., and N., H. 1. (1988). Polyphosphoinositide hydrolysis 
in response to light stimulation of rat and chick retina and retinal rod outer segments. Biochem. Biophys. 
Acta 970, 205-211. 

52. Yoshioka, T., and Inoue, H. (1987). Inositol phospholipid in visual excitation. Neurosc. Res. Suppl. 6, 
SI5-S24. 

53. Ghalayini, A., Tarver, A., Mackin, W.M., Koutz, C.A. and Anderson, R. E. (1991) Identification and 
immunolocalization of phospholipase C in bovine rod outer segments. 1. Neurochem. 57, 1405-1412. 

54. Peng, Y.-w., Sharp, A. H., Snyder, S. H., and Yau, K.-W. (1991). Localization of the inositoll,4,5-triphos
phate receptor in synaptic terminals in the vertebrate retina. Neuron 6, 525-531. 

55. Day, N. S., Koutz, C. A. and Anderson, R. E. (1993). Inositol-I,4,5-trisphosphate receptors in the 
vertebrate retina. Current Eye Res. 12, 981-992. 

56. Bonigk, w., Altenhofen, w., Muller, F., Dose, A., Illing, M., Molday, R. S., and Kaupp, U. B. (1993). Rod 
and cone photoreceptor cells express distinct genes for cGMP-gated channels. Neuron 10, 865-877. 

57. Haynes, L. w., and Yau, K.-W. (1990). Single channel measurement from the cGMP-activated conduc
tance of catfish retinal cones. 1. Physiol. 429, 451-481. 

58. Lerea, C. L., Bunt-Milam, A. H., and Hurley, 1. B. (1989). a-transducin is present in blue-, green-,and 
red-sensitive cone photoreceptors in the human retina. Neuron 3,367-376. 

59. Li, T., Volpp, K., and Applebury, M. L. (1990). Bovine cone photoreceptor cGMP phosphodiesterase 
structure deduced from a cDNA clone. Proc. Natl. Acad. Sci. USA 87,293-297. 

60. Tomita, T. (1965). Electrophysiological study of the mechanisms subserving color coding in the fish 
retina. Cold Spring Harb. Symp. Quant. BioI. 30, 559-566. 

6 I. Solessio, E., and Engbretson, G. A. (1993). Antagonistic chromatic mechanisms in photoreceptors of the 
parietal eye oflizards. Nature 364, 442-445. 

62. Rohlich, P., van Veen, Th. and Szel, A. (1994). Two different visual pigments in one retinal cone cell. 
Neuron 13, 1159-1166. 

63. Rhee, S.-G., Suh, P.-G., Ryu, S.-H., and Lee, S. (1989). Studies of inositol phospholipid-specific 
phospholipase C. Science 244, 546-550. 

64. Ferreira, P., Shortridge, R. and Pak, W. (1991). Identification and characterization of norpA-like retina
specific bovine cDNA". Molecular Neurobiology of Drosophila, pg. 51, Cold Spring Harbor, New York. 

65. Ferreira, P. and Pak, W. (1992). Retina-specific bovine cDNAs encoding homologs of the norpA and 
ninaA proteins of Drosophila. Society for Neuroscience, vol. 18, pg.13 7. 

66. Ferreira, P., Shortridge, R., and Pak, W. (1993). Distinctive subtypes of bovine phospholipase C that have 
preferential expression in the retina and high homology to the norpA gene product of Drosophila. Proc. 
Natl. Acad. Sci. USA 90, 6042-6046. 



274 P.A. Ferreira and W. L. Pak 

67. Nakagawa, T., Okano, H., Furuichi, T., Aruga, 1., and Mikoshiba, K. (1991). The subtypes of the mouse 
inositol 1,4,5-triphosphate receptor are expressed in a tissue-specific and developmentally specific 
manner. Proc. NatI. Acad. Sci. USA 88, 6244-6248. 

68. Shortridge, R., Yoon, J., Lending, C., Bloomquist, B., Perdew, M., and Pak, W. (1991). A Drosophila 
phospholipase C gene that is expressed in the central nervous system. J. BioI. Chern. 266,12474-12480. 

69. Katan, M., Kriz, R., Totty, N., Philip, R., Moldrum, E., Aldape, R., Knopf, J., and Parker, P. (1988). 
Determination of the primary structure of PLC-154 demonstrates diversity of phosphoinositide-specific 
phospholipase C activities. Cell 54, 171-177. 

70. Park, D., Jhon, D.-Y., Kriz, R., Knopf, J. and Rhee, S. G. (1992). Cloning, sequencing, expression, and 
Gq-independent activation of phospholipase C-b2. J. BioI. Chern. 267,16048-16055. 

71. 71. Stahl M.L., Ferenz, C.R., Kelleher, K.L., Kriz, R.W., Knopf, J.L. (1988). Sequence similarity of 
phospholipase C with the non-catalytic region ofsrc. Nature 332, 269-272. 

72. Shu, P.-G., Ryu, S., Moon, K.H., Suh, H.w. and Rhee, S. G. (1988). Cloning and sequencing of multiple 
forms of phospholipase C. Cell 54, 161-169. 

73. Bourne, H. R., Sanders, D. A., and McCormick, F. (1991). The GTPase superfamily: conserved structure 
and molecular mechanism. Nature (London) 349, 117-127. 

74. Rechsteiner, M. (1990). PEST sequences are signals for rapid intracellular proteolysis. Sem. Cell BioI. 
1,433-440. 

75. Carter-Dawson, L. and LaVail, M. (1979). Rods and cones in the mouse retina. 1. Compo Neur. 188, 
245-262. 

76. Ferreira, P. and Pak, W. (1994). Bovine phospholipase C highly homologous to the norpA protein of 
Drosophila expressed specifically in cones. J. BioI. Chern., 269, 3129-3131. 

77. Schneuwly, S., Burg, M., Lending, C., Perdew, M., and Pak, W. L. (1991). Proprieties of photoreceptor
specific phospholipase C encoded by the norpA gene of Drosophila melanogaster. 1. BioI. Chern. 266, 
24314-24319. 

78. Zhu, L., McKay, R., and Shortridge, R. (1993). Tissue-specific expression of phopholipase C encoded by 
the norpA gene of Drosophila melanogaster. 1. BioI. Chern. 268, 15994-16001. 

79. Min, D. S., Kim, D., Lee, Y., Seo, J., Suh, P.-G. and Ryu, S. H. (1993) Purification ofa novel phospholipase 
C isozyme from bovine cerebellum. J. BioI. Chern. 268,12207-12212. 

80. Lee, c.-w., Park, D. J., Lee, K.-H., Kim, C. G., and Rhee, S. G. (1993). Purification, molecular cloning, 
and sequencing of phospholipase C-b4. J. BioI. Chern., 268, 21318-21327. 

81. Stephenson, R. S., O'Tousa, J., Scavarda, N. J., Randall, L. L., and Pak, W. L. (1983). Drosophila mutants 
with reduced opsin content. In D. J. In Cosens, & D. Vince-Price (Ed.), The Biology of Photoreception 
(pp. 447-501). Soc. Exp. BioI., Cambridge, U.K.: Cambridge University Press. 

82. Larrivee, D. C., Comad, S. K., Stephenson, R. S., and Pak, W. L. (1981). Mutation that selectively affect 
rhodopsin concentration in the peripheral photoreceptors of Drosophila. J. Gen. PhysioI. 78,521-545. 

83. Schneuwly, S., Shortridge, R., Larrivee, D., Ono, T., Ozaki, M., and Pak, W. (1989). Drosophila ninaA 
gene encodes an eye-specific cyclophilin (cyclosporine A binding protein). Proc. NatI. Acad. Sci. USA 
86, 5390-5394. 

84. Shieh, B.-H., Stamnes, M. A., Seavello, S., Harris, G. L., and Zuker, C. S. (1989). The ninaA gene required 
for visual transduction in Drosophila encodes a homologue of cyclosporin A-binding protein. Nature 338, 
67-70. 

85. Stamnes, A. M., Shieh, B.-H., Chuman, L., Harris,L. G., and Zuker, C. S. (1991). The cyc1ophilinhomolog 
ninaA is a tissue-specific integral membrane protein required for the proper synthesis of a subset of 
Drosophila rhodopsins. Cell 65, 219-227. 

86. Fisher, G., Wittmann-Liebold, B., Lang, K., Kiefhaber, T., and Schmid, F. X. (1989). Cyclophilin and 
peptidyl-prolyl cis-trans isomerase are probably identical proteins. Nature 337, 476-478. 

87. Takahashi, N., Hayano, T., and Suzuki, M. (1989). Peptidyl-prolyl cis-trans isomerase is the cyclosporin 
A-binding protein cyclophilin. Nature 337, 473-475. 

88. Ondek, B., Hardy, R., Baker, E., Stamnes, M., Shieh, B.-H., and Zuker, C. (1992). Genetic dissection of 
cyclophilin function. J. BioI. Chern. 267,16460-16466. 

89. Baker, E.K., N.C. Colley, & Zuker, C.S. (1994). The cyclophilinhomolog NinaA functions as a chaperone, 
forming a stable complex in vivo with its protein target rhodopsin. EMBO 1. 13,4886-4895. 

90. Ferreira, P. and Pak, W. (1993). Retina-specific bovine homologs of ninaA. Molecular Neurobiology of 
Drosophila, pg. 158, Cold Spring Harbor, New York. 



RETINAL PATHOLOGY IN RETINITIS 
PIGMENTOSA 

Considerations for Therapy 

Ann H. Milam and Zong-Yi Li 

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

INTRODUCTION 

31 

Retinitis pigmentosa (RP) causes primary degeneration of photoreceptors, followed 
by reactive changes in the retinal pigment epithelium (RPE) and Muller glia, death of inner 
retinal neurons, and atrophy of the retinal vasculature. Current strategies for retinal therapy 
include transplantation of normal photoreceptors, delivery of corrective genes to diseased 
photoreceptors, and electrical stimulation of inner retinal neurons [1-5] . This chapter will 
review the histopathology of the retina in RP, including the characteristic changes found in 
the photoreceptors, subretinal space, RPE and choriocapillaris, Muller glia, inner retinal 
neurons and blood vessels. Changes in these retinal components secondary to death of 
photoreceptors are important considerations in developing new therapies for RP. 

PATHOLOGIC CHANGES IN RP RETINAS 

Rods and Cones 

Although the list of gene defects associated with RP is rapidly expanding, it is not 
known how any of the mutations lead to photoreceptor dysfunction and death. Typically the 
RP patient experiences nyctalopia as a young adult, followed by progressive loss of both rod 
and cone vision over the ensuing years to decades. Pathologic changes in the rods include 
shortening of their outer segments, as revealed by immunocytochemistry using anti-rhodop
sin (Figure I). Death of rods usually begins in the mid peripheral retina and progresses with 
time to involve the macula and far periphery. Rod cell death is accompanied by changes in 
the adjoining cones, including shortening of their outer segments, and ultimately, cone cell 
death. Cone degeneration occurs in RP caused by mutations in rod-specific genes, e.g. 
rhodopsin, which are presumably not expressed in cones (although cones as well as rods 
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Figure 1. Localization of rhodopsin by immunogold cytochemistry in a normal retina (left) and the retina of 
a man with X-linked RP (FFB#114) [7] (right). Rods in the normal retina have rhodopsin immunoreactivity 
restricted to the long, thin outer segments (arrowheads). Rods in the RP retina have labeling for rhodopsin in 
the short outer segments (arrowheads); R, RPE; N, photoreceptor nuclei. X 500. 

show expression of the ~-gal gene when driven by the rhodopsin promoter in transgenic mice 
[6]). The maculas of RP patients who had diminished visual acuity prior to death show 
considerable loss of both rods and cones (Figure 2), and macular photoreceptors are often 
reduced to a monolayer of cone somata with very short outer segments (Figure 3). 

We recently found [9] that rods in the peripheral regions of RP retinas give rise to 
long, rhodopsin-positive neurites (Figure 4) that are closely associated with hypertrophied 
Muller processes. The rod neurites bypass their normal postsynaptic targets, the horizontal 
and rod bipolar cells, and often reach the inner limiting membrane. Our electron microscopic 
studies indicate that the rod neurites contain numerous synaptophysin and SV-2 positive 
synaptic vesicles but do not form true synapses with any other cells [9]. We have documented 
rod neurite sprouting in fifteen retinas from donors with different genetic forms ofRP [9]. 
Cones do not sprout neurites, although cone axons are abnormally long, reaching the inner 
plexiform layer (Figure 5). Fundus reflectometry has demonstrated that rhodopsin levels in 
certain RP patients are higher than suggested by their reduced rod outer segment function 
[10; 11]. Transmission from rods and cones to neurons of the inner retina can also be 
abnormal in RP [12-16). It is unknown if the prominent rhodopsin-positive rod neurites and 
abnormal cone axons contribute to these functional abnormalities in RP. 

To our knowledge, this is the first demonstration of rod neurite sprouting in an intact 
retina. The neurites are formed by rods in the peripheral regions of RP retinas that have 
survived death of neighboring rods, but they are not found in the maculas, which have also 
undergone significant photoreceptor death. Rods sprout similar neurites when cultured on 
Muller glia or NCAM [17-20). The close association between rod neurites and Muller 
processes in the RP retinas suggests that they are stimulated by alterations in Muller surface 
molecules during the process of reactive gliosis. Neurite formation by rods may also reflect 
loss of inhibitory factor(s) present in normal retinas but lost in vitro and in the diseased RP 
retinas. Finally, rod neurite formation may represent a rod response to upregulation of one 
or more growth factors, as occurs in dystrophic animal retinas [21]. Retinal rods in the rodent 
models for RP show synaptic plasticity [22] but they do not sprout neurites. We have been 
unable to find rod neurites in older rds mice using the same immunolabeling methods that 
reveal rod neurites in RP retinas [9]. It appears that the phenomenon of rod neurite sprouting 
is peculiar to human rods or due to to changes in the microenvironment unique to RP retinas. 
Such changes in the RP retinal milieu are also important considerations for photoreceptor 
transplantation [2; 3; 23-25], which is based on the assumption that transplanted normal 
photoreceptors can form synapses on surviving inner retinal neurons and reestablish a 
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Figure 2. Mean photoreceptor counts at different eccentricities in the maculas of normal donors and patients 
with RP. Zero eccentricity corresponds to the center of the foveola. Photoreceptor counts from retinas of normal 
donors (closed squares, n = 20) are significantly higher (P < .05) than those from patients with different forms 
of RP, including autosomal dominant (open squares, n = 10), simplex (diamonds, n = 22), and X-linked 
(triangles, n = 9). Reproduced with permission [8). 

functional visual pathway. However, changes in the retinal microenvironment that stimulate 
robust neurite sprouting by rods in situ may have the same effect on introduced photorecep
tors. A putative increase in growth factor(s) in the diseased retina may serve to prolong 
survival of the transplanted photoreceptors but may also lead to rod neurite sprouting and 
cone axonal abnormalities as found in RP. The rod neurites bypass the normal rod axon target 
cells in the RP retinas, and the rods transplanted into such retinas may not receive the signals 
for axon termination and synapse formation necessary for their functional integration. 
Clearly, more complete characterization of the RP retinas is needed, because the dystrophic 
animal retinas do not show rod neurite sprouting and are thus not completely representative 
of the retinal pathology found in the human patients [9]. 

Subretinal Space 

The subretinal space is bordered externally by RPE cells linked by zonulae occludentes 
and internally by photoreceptor and Muller cells linked by zonulae adherentes that constitute the 
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Figure 3. Macula of nonnal retina (left) contains four to six rows of photoreceptors with long, thin outer 
segments (between arrowheads); R, RPE; P, photoreceptor nuclei; A, Henle's layer of photoreceptor axons. 
The right panel shows the macula ofa man with X-linked RP (FFB # 114) [7] whose visual acuity was 6/120. 
The photoreceptors are reduced to a monolayer of cone somata with tiny outer segments ( arrowheads); R, RPE; 
C, cone nuclei; A, Henle's layer; N, inner nuclear layer; R, RPE. X 500. 

external limiting membrane (ELM) [26]. In addition to rod and cone outer and inner segments, the 
subretinal space contains the interphotoreceptor matrix, a complex mixture of glycoproteins and 
glycosaminoglycans secreted by the bordering cells. Following death of all photoreceptors, the 
subretinal space is lost, due to RPE migration to the inner retina and extension of the Muller 
processes as far as Bruch's membrane. Earlier in the RP disease process, the volume of the 
subretinal space shrinks as the photoreceptor outer segments shorten. This change in the volume 
of the space may complicate efforts to inject living photoreceptors [23-25] and nonnal genes in 
viral vectors [4; 27; 28]. Ongoing photoreceptor death may also lead to alterations in the subretinal 
microenvironment that are unfavorable for survival of transplanted photoreceptors. Such changes 
due to death of rods may also be linked to degenerative changes in the cones, including shortening 
of their outer segments and ultimately, cone cell death. These effects may be due to release oftoxic 
materials from dying rods [29] or to loss of factors secreted primarily by the rods, including 
interphotoreceptor retinoid binding protein (IRBP) [30]. IRBP is a major component of the 

Figure 4. Immunofluorescence demonstration of rhodopsin in a nonnal retina (left) and the peripheral retina 
of an RP patient (FFB#424) with autosomal dominant RP due to the Q-64-ter rhodopsin mutation. In the nonnal 
retina, rhodopsin immunolabeling is restricted to the long rod outer segments (*); P, photoreceptor somata; R, 
RPE. In the RP retina, the rods are reduced to two rows of somata (arrowheads). Rhodopsin is de localized to 
the surface membranes of the rod inner segments and somata, as well as long, beaded neurites (arrows) that 
extend into the inner retina; R, RPE. X 230. 
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Figure 5. A section from the RP retina shown in Figure 4 has been double labeled with anti-cone transducin· 
alpha (left panel) and anti·synaptophysin (right panel). The cone outer segments (arrows) are very short and 
the cone axons (arrowheads) are abnormally long, terminating in the inner plexiform layer (right panel, between 
arrowheads), which is labeled with anti·synaptophysin. X 230. 

interphotoreceptor matrix [31] that is thought to transport retinoids between the RPE and 
photoreceptors in the visual cycle. A reduction in rod-derived IRBP and RPE-recycled products of 
rod outer segment shedding/degradation could have significant effects on cones, simulating 
vitamin A deficiency and causing their outer segments to shorten. It is also possible that rods have 
direct trophic influences on cones and even on other rods [3; 32; 33] but such trophic factors have 
not been identified. These cellular interactions and the composition of the interphotoreceptor 
matrix are probably important for the survival of transplanted photoreceptors in RP retinas. 

RPE and Choriocapillaris 

Following death of rods and cones, the RPE cells often detach from Bruch's membrane 
and relocate to perivascular sites in the inner retina, forming so-called bone spicule pigment 
(BSP). The choriocapillaris is invariably lost from regions containing BSP. Because of the close 
interdependence of the choriocapillaris, RPE and photoreceptor cells, it is not clear if loss of 
this capillary bed is secondary to photoreceptor death or to absence of the RPE cells. The RPE 
cells that have migrated into the inner retina form a continuous epithelial monolayer around a 
blood vessel, most often a thin walled venule or capillary (Figure 6). The stimulus for RPE 
migration is unknown, but may include loss of metabolic products from photoreceptors or 
atrophy of the choriocapillaris following death of the photoreceptors. The phenomenon ofRPE 
migration is highly significant for therapeutic protocols involving transplantation, because RPE 
cells as well as photoreceptors must be restored to RP retinal regions that contain BSP. 

A layer of extracellular matrix is usually deposited between the RPE and the vascular 
endothelial cells (Figure 6). The deposits of extracellular matrix resemble Bruch's membrane 
in situ, having its characteristic five layers with a middle layer of elastin, which is normally 
absent from retinal blood vessels . The perivascular layer of extracellular matrix is often thick 
and contains prominent lipid and calcium deposits typical of the aging Bruch's membrane. 
In some cases, the ELM deposits occlude the vessel lumen (Figure 7). Thickening of the 
walls of the vessels and occlusion of their lumina correlates with the sclerosis and atrophy 
of the retinal vasculature observed funduscopically in RP. The thick perivascular deposits, 
particularly those rich in hydrophobic lipid and elastin, may compromise the blood supply 
to neurons of the inner retina and cause their death, an important consideration for design 
ofa therapy based on direct electrical stimulation of neurons of the inner retina [5]. 
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Figure 6. Electron micrograph of 
BSP, illustrating monolayer of 
RPE cells (R) encircling a retinal 
venule. Note thick deposit of extra
cellular matrix (ECM, bracket) be
tween the RPE and endothelial 
cells (E), including a middle layer 
of elastin (*). C, erythrocytes; D 
and arrowheads, accumulated ex
tracellular matrix resembling a 
druse. Xl,384. 

Muller cells undergo reactive gliosis in response to photoreceptor damage in a 
number of diseases [34-37]. The MUller gliotic changes include cellular proliferation and 
hypertrophy, nuclear enlargment and migration, and increased expression of glial fibrillary 
acid protein. A similar process of reactive gliosis occurs in response to photoreceptor death 
in RP [7; 38] and the photoreceptor and outer plexiform layers are replaced by a glial scar 
formed by thick Muller cell processes (see [39]). This scar may constitute a mechanical 
barrier to synapse formation between transplanted photoreceptors and inner nuclear layer 

Figure 7. Electron micrograph of 
BSP, illustrating occlusion of the 
lumen of a retinal blood vessel by 
accumulated extracellular matrix 
(*) associated with the encircling 
layer of RPE cells (R). IPL, inner 
plexiform layer; GC, ganglion 
cells. X 2,284. 
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neurons, although there is evidence that axonal processes of transplanted photoreceptors can 
penetrate such a glial barrier [25]. After photoreceptor death, the ELM junctions between 
photo receptors and Muller processes are lost, along with the subretinal space they define, 
and ELM-like junctions are formed between Muller processes opposite the migrated RPE 
cells in zones of BSP [40]. The Muller cells, along with migrated RPE cells and astrocytes, 
also contribute to formation of the preretinal membranes that are common in RP [41]. 

Inner Retinal Neurons 

The only morphometric study of inner retinal neurons in RP [8] was limited to 
ganglion cells in the macula, which were significantly decreased in each form of RP 
examined (Figure 8). In general, the loss of ganglion cells paralleled the loss of photorecep
tors, and was more severe in X-linked and autosomal dominant RP than in simplex RP [8]. 
The decreased ganglion cell counts were thought to reflect transneuronal degeneration, 
which may be more severe in X -linked RP because photoreceptor death usually occurs earlier 
in life. A more recently recognized cause of neuronal death is migration of RPE cells to 
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Figure 8. Mean ganglion cell counts at different eccentricities within the maculas of normal donors and 
patients with RP. Zero eccentricity corresponds to the center of the foveola. Ganglion cell counts from retinas 
of normal donors (closed squares, n = 20) were significantly higher (P < .05) than counts from patients with 
simplex RP (diamonds, n = 22), autosomal dominant RP (open squares, n = 10), and X-linked RP (triangles, 
n = 9). Reproduced with permission from [8]. 
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perivascular sites in the inner retina (see above). It is likely that some death of inner retinal 
neurons results from a compromised blood supply due to perivascular deposits of extracel
lular matrix [40). These inner retinal abnormalities are important considerations for any RP 
therapy based on direct stimulation of surviving ganglion cells. 

Retinal Blood Vessels 

Attenuation of retinal blood vessels is a hallmark ofRP and historically was thought 
to result from diminished ganglion cell metabolism secondary to photoreceptor degenera
tion. Our studies indicate that the presence ofRPE cells in the inner retina leads to remarkable 
alterations in the retinal vasculature. In addition to accumulations of perivascular extracel
lular matrix (see above), the vascular endothelial cells respond to the adjacent RPE cells by 
developing fenestrations, which leak serum proteins [40], correlating with the leakage of 
fluorescein observed clinically in RP [42; 43]. The significance of the vascular abnormalities 
to neurons of the inner retina is discussed above. 

CONCLUSIONS 

The retinal changes secondary to death of photoreceptors are considerations for certain 
therapies being developed for RP. With regard to photoreceptor transplantation, a major 
consideration is the patient's immune response to foreign cells, which may be exacerbated by 
the RPE-induced leakiness of the inner retinal vessels. An immune response to the donor cells 
or to tissues damaged by the transplant surgery may also destroy photoreceptors and ocular 
tissues in the opposite, non-injected eye, as occurs in sympathetic ophthalmia. The milieu of 
the degenerate RP retina may be altered such that transplanted rods fail to survive or respond 
abnormally, for example by sprouting neurites. Finally, transplantation into zones ofBSP will 
be complicated by relocation of the RPE cells to the inner retina, loss of the subretinal space, 
the robust Muller gliotic response, and changes in the inner retinal blood vessels and neurons. 
Transplantation of normal genes to surviving photoreceptors would appear to be more 
straightforward and less affected by these retinal changes, although the surgical proceedure will 
be complicated by shrinkage of the subretinal space. Gene therapy is not likely to correct 
autosomal dominant diseases, and it is unclear if this form of somatic cell therapy will be 
permanent. A major problem with the ganglion cell stimulation strategy is the progressive loss 
of these cells due to transneuronal degeneration and a compromised blood supply. Other 
therapies on the horizon may be less affected by the secondary disease processes in the RP 
retinas. These include intravitreally injected growth/survival factors [33; 44; 45] and oral 
vitamin A treatment [46]. Certain antioxidants and calcium overload blockers have also 
afforded protection against light-induced photoreceptor damage [47-49]. The mechanism of 
photoreceptor death in RP, as in several animal models, appears to involve apoptosis (see [50]). 
It is possible that agents developed to block apoptosis in other cell types will prove to be 
efficacious for photoreceptors in RP. Success of these experimental therapies will depend on a 
better understanding of the mechanisms of photoreceptor death and secondary degeneration in 
the RP retinas. The potential benefits from these treatments are enormous, offering RP patients 
the possibility of restoration or prolongation of useful vision. 
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INTRODUCTION 

Peripherin/RDS, a photoreceptor-specific glycoprotein, located in the peripheral 
portion of the disc membranes of photoreceptor outer segments of both rods and cones (1-4). 
Although the precise function of this protein is still uncertain, it has been postulated that 
peripherin/RDS plays an important role in maintaining the unique structure of the disc 
membrane. Since a mutation in the peripheriniRDS gene was found to be responsible for 
retinal degeneration in the rds (retinal degeneration slow) mouse strain (3,4), mutations in 
the human peripherinl RDS gene have been identified in patients with autosomal dominant 
retinitis pigmentosa (adRP) (5-10). In addition to typical retinitis pigmentosa, increased 
numbers of mutations have been identified in the peripheriniRDS gene in families with 
several kinds of macular dystrophy (8,11), retinitis punctata albescens (12), butterfly-shaped 
pigment dystrophy of the fovea (13), and fundus flavimaculatus (14). Because 
peripheriniRDS commonly expressed in both rods and cones, mutations in the 
peripherinl RDS gene produce either rod- or cone-predominant retinal degeneration, depend
ing on the kinds and locations of mutations. These genotype-phenotype correlations provide 
important clues not only for better understanding the mechanisms of photoreceptor degen
eration produced by mutations in the peripherinl RDS gene, but also for proper genetic 
counseling based on the accumulated findings regarding clinical courses of patients with 
known mutations. 

We previously have identified two kinds of transversion mutations in codon 244 of 
the peripherinl RDS gene that result in amino acid substitutions ofiysine residue and histidine 
residue for asparagine residue (designated as Asn244Lys and Asn244His, respectively) 
(15,16). Although these mutations occured in the same codon of the peripheriniRDS gene, 
the phenotypic features of patients associated with these mutations showed marked contrasts. 
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Characteristic features produced by the Asn244Lys mutation were rod-cone dystrophy 
whereas those by the Asn244His mutation were cone-rod dystrophy although the final 
outcomes of rod-cone dystrophy and cone-rod dystrophy are similar and sometimes indis
tinguishable, i.e. degeneration of both cone system and rod system. However, the clinical 
course of each type of retinal dystrophy demonstrates different kinds of visual impairmant 
on affected patients through-out their lives. In this study, therefore, we characterized clinical 
features of affected patients with Asn244Lys and Asn244His to provide insights regarding 
the mechanisms of photoreceptor degeneration at the molecular level. 

In addition, we describe the method of molecular genetic screening that we have 
employed to search for mutations in the peripherinl RDS gene or others. 

PATIENTS AND METHODS 

We screened a total of 58 genomic DNA samples isolated from unrelated patients 
with adRP or allied retinal degeneration with autosomal dominant inheritance to search for 
mutations in the peripheriniRDS gene using polymerase chain reaction (PCR) followed by 
nonradioisotopic single-strand conformation polymorphism (SSCP) (17) with a modifica
tion previously described (15). 

Amplification of the PeripherinlRDS Gene by Polymerase Chain 
Reaction (PCR) 

With the use ofa thermocycler (Perkin Elmer Cetus, Norwalk, CT, U.S.A.), the PCR 
was carried out in 50 )..ll of reaction mixture containing 250 ng of genomic DNA, which was 
prepared from each patient's leukocytes as templates; 20 )..lM of primer; 200 )..lM each of 
dATP, dCTP, dOTP, and TTP, 1.25 units ofTaq polymerase; and 0.5 unit of Perfect Match 
Polymerase Enhancer® (Stratagene, La Jolla, CA, U.S.A.). Buffer contained 50 mM KCI, 
10 mM TrisCI (pH 8.3), and 1.5 mM MgCI2• Reaction cycle was 30. The usual temperature 
settings for PCR were 94°C for I min of denaturation, 55 to 60°C for 2 min of anealing, and 
noc for 2 min of polymer at ion. Each pair of the amplification of the peripherin/RDS gene 
was determined in order that the size of each amplified fragment should not exceed 200 bp. 
For this size limitation, exon 1 was divided into 4 segments and exon 2 was divided into 2 
segments in designing the oligonucleotide primer sets. The nucleotide sequence of each 
primer set is shown in Table 1. 

Nonradioisotopic SSCP 

A total of 3.0 )..ll of the PCR product was mixed with 3.0 )..ll of 95% deionized 
formamide containing 0.25% each of xylene cyanol and bromophenol blue. The mixture was 
heated at 95°C for 5 min, then cooled on ice before 4.0 )..ll of the mixture was loaded onto a 
0.4 mm X 30 cm X 30 cm 8% acrylamide with 10% glycerol. Electrophoresis was done at 
room temperature at 20W for 7 hours. The gel was then silver stained with the use ofBio-rad 
silver stain kit. 

Nucleotide Sequencing 

The PCR products which had shown abnormal band shift on SSCP were subsequently 
subcloned using pBluescript or pOEM. Sub cloned PCR products were then sequenced with 
an automated DNA sequencer (Pharmacia, Sweden) using a dideoxy chain termination 
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Table 1. Nucleotide sequence of primer sets for the amplification of the peripherinl RDS gene 

Exon Primer Sequence (5'->3') Size of Amplified Region (bp) 

IA F: CCGGACTACACTTGGCAAGC 174 
R:CACATCGCTCCTCTTTCGGA 

IB F:GACTGTTCCTGAAGATTGAA 199 

R:ATAGCCAGGTACGGATTCAG 

IC F:TATGCCAGATGGAAGCCCTG 192 

R:TCTTCATGAAACACCTGCCA 

10 F: AGTACTACCGGGACACAGAC 181 
R:CTGACCCCAGGACTGGAAGC 

2A F:AAGCCCATCTCCAGCTGTCT 163 
R:GTCGTAACTGTAGTGTGCTG 

2B F:AGTATCAGATCACCAACAAC 178 

R:CCCAGCTGCCCAGGGCCTAC 

3 F:TGCCTCTAAATCTCCTCTCC 286 
R:AACACTGAGAAATAGTGCAC 

protocol with fluorated oligonucleotide primers. At least six subclones were sequenced in 
determining nucleotide sequence of the mutation to exclude artifacts in PCR. 

Phenotypic Characterization of Patients with Mutations in the 
PeripherinlRDS Gene 

We examined affected patients with detected mutations of the peripherinlRDS gene. 
The patients' medical histories included subjective recall of onset and history of night 
blindness, disturbance of central and/or side vision, and other visual symptoms. The 
subsequent ophthalmic examination included best corrected visual acuity, Goldmann's 
kinetic visual field examination, fundus examination, fluorescein angiography, electroreti
nography (ERG), dark adaptometry, and color vision testing. 

Secondary Structure Analysis of Mutated PeripherinlRDS 

To assess possible structural alterations of mutated peripherin/RDS proteins, we 
analyzed the change of secondary structure of these proteins using the protein structure 
algorithm described by Gamier and associates (18). 

RESULTS 

DNA Analysis 

Of 58 unrelated Japanese patients (probands) with adRP and allied retinal degenera
tion with autosomal dominant inheritance, we detected two kinds of abnormal band shifts 
in exon 2 on SSCP (15,16,19). The same abnormal pattern was identified on SSCP in each 
probands' affected family members (16, 19). The alterations in the DNA sequence that were 
common to affected family members of each pedigree were identified as heterozygous 
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transversional changes ofC to Aat the third nucleotide in codon 244 (AAC -> AAA, Family 
1) and of A to C at the first nucleotide in the same codon (AAC -> CAC, Family 2). These 
base changes resulted in the replacement of an asparagine residue with a lysine residue in 
Family I, designated as Asn244Lys (15,19), and with a histidine residue in Family 2, 
designated as Asn244His (16). 

Clinical Features of Patients Associated with Asn244Lys And Asn244His 

The phenotypic expressions associated with these mutations showed marked contrasts, 
although each mutation recorded intrafamilial similarity. We examined 8 affected patients in 
Family I (Asn244Lys), ranging in age from 9 years to 64 years, and 2 affected patients in Family 
2 (Asn244His) whose ages were 46 and 53 years. The clinical features with Asn244Lys are 
summerized as night blindness, usually noticed by the patient in the early teens; decreased 
visual acuity, with an onset in the late thirties; diffuse pigmentary retinal degeneration in the 
mid-peripheral to peripheral retina; and bull's-eye maculopathy, which also appears in the late 
thirties. In addition, ERG assessments show nonrecordable amplitudes of rod-isolated re
sponses and severely reduced amplitudes of cone-isolated responses that have already started 
at about age 9 years, even though the patient had had no complaint of difficulty with night 
vision. Visual field testing shows progressive visual field loss, from contraction of the II-4-e 
isopter in their twenties and thirties to general constriction in the late stage. The color vision is 
defective only in patients older than 50 years old. These clinical features and ERG findings 
indicate that the clinical course produced by Asn244Lys is categorized in rod-cone dystrophy. 

On the other hand, the phenotypic expressions associated with Asn244His are charac
terized as cone-rod dystrophy. The 46-year-old proband has had poor visual acuity since 
childhood but has not experienced disturbance of night vision. The ERG assessment demon
strates nonrecordable cone-isolated responses and subnormal patterns of rod-isolated re
sponses. Fundus examination and fluorescein angiogram disclose bull's-eye maculopathy. 
Visual field testing shows paracentral scotomas in both eyes with relatively well preserved 
peripheral visual fields. Color vision is defective by FM 100-hue test. Her 53-year-old brother 
has had a similar history in visual acuity. In addition, he has had night blindness and visual field 
disturbance for 3 years. The ERG assessment shows severely deteriorated responses of both 
rods and cones. Funduscopy shows that bull's-eye maculopathy was associated with diffuse 
bone-spicule pigmentation in the midperipheral area. These clinical features correspond to an 
advanced stage of cone-rod dystrophy. And these findings of cone-rod dystrophy in Family 2 
can be categorized into cone-rod dystrophy type 2a by the subclassification of Szlyk and 
associates (20). Summary of clinical features in both families is shown in Table 2. 

Secondary Structure of Mutated Peripherin/ RDS Prtoteins with 
Asn244Lys and Asn244His 

The results of secondary structure analysis of mutated peripherin! RDS proteins are 
shown in Figure I. Secondary structure produced by these two mutations disclosed that 
Asn244His and Asn244Lys mutations give rise to slightly different alterations in the coil 
structure between codons 244 and 250 of the peripherinlRDS. 

DISCUSSION 

The present study regarding phenotypes with Asn244Lys and Asn244His mutations 
indicates two important findings concerning genotype-phenotype correlations associated 
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Table 2. Summary of clinical features in Family 1 (Asn244Lys) and Family 2 (Asn244His) 

Initial visual symptom 
Initial fundus appearance 

Additional fundus appearance 
in the late stage 

Rod-mediated ERG 
Cone-mediated ERG 
Clinical diagnosis 

Asn244Lys 

night blindness 
diffuse pigmentary degeneration in 
mid-peripheral and peripheral retina 

bull's eye maculopathy 
non-recordable 
reduced, then non-recordable 
rod-cone dystrophy 

Asn244His 

decreased visual acuity 
bull's eye maculopathy 

pigmentary degeneration 
reduced, the non-recordable 
non-recordable 
cone-rod dystrophy 
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with mutations in the peripherinlRDS gene. The first finding is that mutations in codon 244 
of the peripherinlRDS gene cause either cone-rod dystrophy or rod-cone dystrophy, depend
ing on which amino acid is substituted for asparagine. Although the precise molecular 
mechanism producing such distinct differences remains uncertain, it is possible that secon
dary structures of peripherinl RDS differently altered by these two kinds of substitutions of 
amino acid residues in codon 244 are related to these different predominances in rod and 
cone photoreceptor degenerations. The second finding is that buWs-eye maculopathy is a 
common clinical feature associated with mutations in codon 244 of the peripherinl RDS gene. 
Proteins in the photoreceptor outer segment are normally subject to digestion by lysosomal 
enzymes in the retinal pigment epithelium (21). In addition, the macular region has the 
highest specific activity of lysosomal enzymes(22), indicating high rates of metabolic 
demands or turnovers in this area. Therefore, it is reasonable that peripherinl RDS, one of the 
structural proteins in the photoreceptor disk membranes of both rods and cones, is catabol-

amino acid sequence 
i 2481, i 2681 2181 

IOYOII NNSANYSXPHOT E E lHL!YRG (RM L LS YYSSLMHSHGYVT L L III F EVT II I GLR 

Wild -----------r---------------------
turn 
coil 
beta --

-

alpha -

Asn244Lys 

turn 
coil 
beta -
alpha 

Asn244His 

turn 
coil 
beta -
alpha 

--

- -

Figure 1. Secondary structure analysis of wild and mutated peripherinl RDS protein 



290 M. Nakazawa et al. 

CYTOSOLIC SPACE 

His (CAC) 
H-~'~Jv.. .. 

.......... • .......... 244 
Asn (AAC) .. 
Lys (AAA) 

INTRADISCAL SPACE 

Figure 2. Molecular structure of peripherinlRDS and the location of codon 244. Arrow heads indicate the 
location of mutations previously reported. 

ized by these enzymes. We have speculated that presence of mutations in codon 244 can 
change specificity of reactions to some extent between the substrate to be digested and these 
catabolic enzymes. Also, these metabolic changes can lead to accumulation of abnormal 
substances in the subretinal layer, particularly in the macular area over many years. The 
present finding that a bull's-eye macular lesion is seen in patients with Asn244Lys and with 
Asn244His mutations supports this speculation. Further molecular biological analysis, 
including transgenic experiments and in vitro expression analysis, may provide better 
understandings of the molecular mechanism producing thse clinical features. 

Previous reports have described phenotypic characteristics associated with two 
different mutations in the same codon, i.e., codon 172 of the peripherin/RDS gene (8,11), 
indicating that both Argl72Trp and Argl72Gln mutations are associated with macular 
degeneration. These two mutations are similar in distribution and in the same nature of 
abnormality, although patients with the Arg 172Gln mutation were more mildly affected than 
those with the Argl72Trp mutation. These findings imply that not only the location of 
mutations but also the kind of amino acid substitution can modify clinical features of 
hereditary retinal degeneration. Our findings that rod-cone dystrophy and cone-rod dystro
phy are caused by different mutations in the same codon of the peripherin/RDS provide an 
important insight to the understanding of these phenotypes in terms of clinical classification. 
The traditional definition of retinitis pigmentosa has been restricted to rod-predominant 
photoreceptor degeneration (23,24), while some investigators have reported that retinitis 
pigmentosa consists of both the rod-cone type and the cone-rod type, the final status of which 
cannot be differentiated (25). Our findings provide direct evidence that an overlapped area 
exists between rod-cone dystrophy and cone-rod dystrophy and support the idea that these 
two conditions are on the same spectrum of one disease as allelic heterogeneity. 

Although we have not yet obtained certain rules regarding genotype-phenotype 
correlations of the peripherinlRDS gene, further accumulations about phenotypic charac
teristics produced by specific mutations will augment our understandings of the mechanism 
of photoreceptor degeneration. 
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INTRODUCTION 

33 

Retinitis pigmentosa is a heterogeneous group of progressive retinal degenerations 
sharing a common set of clinical characteristics comprising night blindness, constricted 
visual fields, pigment deposition in the outer retina and diminished or absent electroreti
nogram (ERG). It affects about I in 4000 of the general population and occurs as autosomal 
dominant, autosomal recessive, X-linked and sporadic forms (Heckenlively, 1988; Hum
phries et aI., 1992). The proportion of the different forms ofRP varies between populations. 
In addition to the above group ofpatients with isolated retinal degeneration there is a sizeable 
group in whom the retinal degeneration forms part of a genetic syndrome with non-ocular 
manifestations. In one study in the United Kingdom for example, the syndromal group 
formed 16% of index cases with RP (Bundey and Crews, 1984). The most common 
syndromal forms of RP are Usher's syndrome and Bardet-Biedl syndrome, both of which 
are inherited as autosomal recessive disorders. 
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Identifying the relative frequency of different types of RP is often a difficult task. 
The largest single group is the isolated or sporadic patients, usually comprising 40-50% 
of index cases (Jay, 1982; Bundey and Crews, 1984; Boughman and Fishman, 1983). 
This group includes a sizable number of autosomal recessive patients, three-quarters of 
whose siblings are expected to be normal, however when these are grouped together with 
definite or probable autosomal recessive patients, the segregation ratio is less than the 
0.25 expected on a simple autosomal recessive hypothesis (Jay, 1982). The explanation 
for this is that either non-genetic forms of RP or patients with new dominant mutations 
are likely to be present in the isolated group. Recently, a digenic mode of inheritance for 
RP was described in which a combination of mutations at the peripherin/RDS and rom 1 
loci was necessary to produce the clinical picture ofRP (Kajiwara et aI., 1994). Oligogenic 
forms of RP may not be uncommon but are very hard to demonstrate. The results of 
prevalence studies in the United Kingdom illustrate the complexity of defining the 
proportions of genetic types of RP. In one study, Jay (1982) carried out a segregation 
analysis of a large series of out-patients and concluded that 41 % of RP patients suffered 
from an autosomal recessive disorder whereas Bundey and Crews (1984) in a similar 
popUlation only identified 8% of their RP patients as autosomal recessive in a defined 
population survey. However, the last authors did not carry out a segregation analysis and 
so did not allow for recessive families with only a single affected member. In some 
populations, the proportion of autosomal recessive RP is high, particularly in parts of 
Switzerland, Israel, Norway, Japan, Italy and India (Ammann et aI., 1961; Faber, 1970; 
Grondahl, 1986; Tanabe, 1972; Fossarello et ai., 1993). 

The rate of location or identification of specific RP genes has accelerated in the 
last few years. To date, at least 6 genes causing autosomal dominant RP (on chromosomes 
3, 6, 7p, 7q, 8, 19), 5 causing autosomal recessive RP (on chromosomes 1, 3, 4, 4 and 
6) and two causing X-linked RP (RP2, RP3) have been located by linkage analysis or 
mutations identified in specific genes (Rosenfeld et ai., 1994). Nine genes were first 
localised by linkage analysis, two by screening of candidate genes for mutation and one 
by both methods simultaneously. The extent of heterogeneity within RP has been a 
surprise. This raises a number of issues. Firstly, identification of genes becomes more 
complex since it becomes difficult to pool families for linkage studies. This is particularly 
so for autosomal recessive RP since the majority of families are too small to map. Some 
large inbred kindreds have been studied to overcome this problem which led to the 
successful localisation of recessive genes on chromosomes 1 and 6 (Knowles et ai., 1994; 
van Soest et aI., 1994). However, there are relatively few opportunities for studying such 
families. Secondly, since only a minority of patients are accounted for by the RP genes 
identified to date, how many genes must be identified to account for RP in most patients? 
The answer is likely to be over 50, based on a rough extrapolation of the present data 
regarding number of genes and percentage of patients accounted for in each type of RP. 
This is a formidable task and raises serious issues with regard to gene therapy and other 
less generic approaches to therapy. 

The studies described in this paper represent an alternative attempt to overcome some 
of the problems of linkage in autosomal recessive forms of RP. The first study has the aim 
of identifying autosomal recessive RP genes in the Sardinian popUlation, in which there is 
an unusually high proportion of recessive disease. The second study was designed to identify 
the genetic cause of an autosomal recessive syndromal form ofRP, Bardet-Biedl syndrome. 
In both cases, it was assumed that genetic heterogeneity would be reduced ifnot eliminated, 
either by studying a relatively homogeneous ethnic popUlation or by studying a relatively 
rare and clinically specific disorder such as Bardet-Biedl sydrome. Both of these assumptions 
are probably over-simplifications since the available evidence suggests that both groups are 
still genetically heterogeneous. 
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AUTOSOMAL RECESSIVE RP IN THE SARDINIAN POPULATION 

Autosomal recessive RP is one of the most consistently severe forms of this 
disorder, with onset of night blindness usually in the first decade, progressing to 
severe visual handicap by the end of the fourth decade (Fossarello et a!., 1993). It is 
also the most difficult form to identify with certainty. Families with one or more 
affected children and consanguineous parents are generally assumed to be of autosomal 
recessive type. However, in some populations the carrier frequency for a recessive 
disorder may be quite high (e.g. I in 20 Caucasians are carriers for cystic fibrosis), 
in which case the majority of families will not be identifiably related to each other. 
Consanguinity rates tend to rise as the carrier frequency falls. The "probable" autosomal 
recessive group includes those with two or more affected children of opposite sex 
and with normal parents and other relatives. This eliminates X-linked and autosomal 
dominant forms of RP except perhaps dominant families with very low penetrance. 
In this study, a previous epidemiological survey of 158 RP families from south-central 
Sardinia identified 54% as isolated cases and of the remainder, 75% of families were 
probable autosomal recessive with an unusually low percentage of autosomal dominant 
(5%) and X-linked families (Fossarello et a!., 1993). The autosomal dominant RP 
showed a high proportion of rhodopsin mutations (50%) with high penetrance which 
are therefore unlikely to contaminate the recessive group (Fossarello et a!., 1993). 
The recessive cases included 5 out of 29 non-syndromal RP families (17%) with 
consanguineous parents and the remainder had normal parents, showed no other family 
history within the past three or four generations and came from geographical areas 
known to show high rates of inbreeding in the recent or disant past. All families were 
native Sardinian at least for the past three or four generations. 

Linkage Studies 

A set of 11 clinically well characterised nuclear families with autosomal recessive 
RP was ascertained and sampled for a linkage study. The families contained 26 affected 
members (Figure I) and came from 10 distinct geographical areas. 

Lymphoblastoid cell lines were established from each individual and genomic 
DNA was extracted from blood samples. A total of 195 markers were typed and analysed 
for linkage in the families . Over 60% of the genome was excluded but no single marker 
provided unambiguous evidence of linkage. However a small number of chromosomal 
regions showed positive lod scores within subsets of families . The region which looked 
most interesting was first identified by a marker on the short arm of chromosome 14, 
D 14S80, which showed an unexpectedly large number of families with few or no recom
binants. Heterogeneity analysis was carried out which tended to confirm the presence of 
a subset of linked families although at a borderline significance level (X2 = 4.45; P = 
0.054). The lod score between arRP and D 14S80 within the putative subgroup of 5 linked 
families was 3.33 at zero recombination. 

In view of the borderline significance levels, other markers were studied from the 
region in order to carry out a multipoint analysis. The markers D14S264, D14S275, 
Dl4S64, D 14S80, D 14S262 and D 14S252, all located in the distal part of the short arm 
of chromosome 14 were then analysed. The results again provided support for heteroge
neity but at a borderline level of significance (P = 0.065) . Linkage to this region was 
excluded in 6 families and the maximum likelihood was found with 24% of families 
linked to chromosome 14. 
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Figure 1. Pedigrees of Sardinian families with autosomal recessive RP used for linkage analysis. 

Homozygosity for Chromosome 14 Markers in a Consanguineous Family 

The most striking finding was a region of homozygosity in one of the consan
guineous families (arRPI) extending over four adjacent markers in three affected indi
viduals (Figure 2). 

The results in Figure 2 show that there is homozygosity for markers D14S275 , 
D 14S64, D 14S80 and Dl4S262, raising the possibility that this region of chromosome 
14 is identical-by-descent (IBD) in the three affected sibs. The method of homozygosity 
mapping was proposed by Lander and Botstein (1987) to help map rare recessive disorders 
with small numbers of consanguineous families by taking advantage of the additional 
meioses available between the common ancestor and the affected members sharing alleles 
IBD for the disease allele and its flanking markers. For example, the parents of family 
arRPI are second cousins, so that the affected children will on average share one-sixteenth 
(6.25%) of their genes, including both mutant copies of the disease gene from the common 
ancestor, on the assumption that the gene is rare in the general population and so is much 
more likely to have been inherited from the common ancestor. Identity-by-descent will 
be indicated by a region of homozygosity spanning the disease locus. The markers showing 
homozygosity in arRPI span a genetic distance of 6 centiMorgans (cM) representing 
about 0.15% of the genome. The key question is whether this is due to the chance 
occurrence of homozygosity in adjacent markers or to common ancestry. If the homozy-
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Markers Alleles 
Dl4S264 1,2,3,4,5,6,7,8 
DI4S275 1,2,3,4,5,6 [:[ [:2 
Dl4S64 [,2,3,4,5,6,7 Haplotypes 1·2 Haplotypes 3·4 
Dl4SSO [,2,3,4,5,6,7,8,9 6 4 5 8 
Dl4S262 1,2,3,4,5 4 4 4 I 
Dl4S252 1,2,3,4 4 5 4 7 
Dl4S257 1,2,3,4,5,6,7,8 5 6 5 5 

1 4 1 3 
3 1 I 4 
3 6 7 1 

IT:I IT:2 IT:3 IT:4 
Haplotype 2-4/314 Haplotypes 1·3 Haplotypes 1·314 Haplotypes 1·3 

4 8 6 5 

~ 
4 1 [] 0 5 4 4 4 4 4 
6 5 5 5 5 5 5 5 
4 1 1 1 1 1 
1 1 3 1 3 1 3 1 
6 1 3 7 3 1 3 7 

Figure 2. Marker homozygosity extending over 014S262, 014S80, 014S64 and 014S275 in a consanguine
ous family (arRP I) with autosomal recessive retinitis pigmentosa. 

gosity includes rare alleles it is more likely to result from common ancestry and similarly 
if the disease gene is prevalent in the population, it is less likely to be IBD in a family 
of this sort. Assumptions therefore have to be made regarding the disease gene frequency 
in the population. Marker allele frequencies are more precisely known. In this case, all 
the alleles are common ones, although the expected proportion of individuals homozygous 
for all four markers is only about 0.02%. When the lod scores, or likelihood of linkage, 
are calculated in this family, the lods vary between 0.9 and 2.0, depending on the gene 
frequency assumptions and whether they are calculated by homozygosity mapping or 
linkage analysis programmes. The advantage ofa second-cousin consanguineous marriage 
such as arRP I is that it allows the analysis of linkage in eight meioses per individual 
compared with only two for a non-consanguineous marriage. There are therefore 24 
meioses available for study in a family with as few as three affected members. This 
advantage is offset by the need for assumptions about the disease gene frequency and 
inferences on the basis of marker allele frequencies. The other four putative linked families 
were neither consanguineous nor homozygous for more than one marker spanning the 
region, consistent with the absence of a recent common ancestor. In summary, the overall 
evidence for linkage was increased by the observation of homozygosity spanning 4 
adjacent markers in one family, but the linkage evidence was not definitive in this family. 

Candidate Gene Studies 

During the course of these studies, it came to our notice that a potentially interesting 
candidate gene is present on the same cosmid as marker D 14S64, within the region of 
homozygosity (A. Swaroop, personal communication). This is the neural retina leucine 
zipper (NRL) gene, which is located in chromosomal region 14q II.I-q 11 .2 (Swaroop et a!., 
1992). The NRL gene is a highly conserved, retina - specific gene containing a basic motif, 
consistent with a DNA binding domain, a leucine zipper region, often utilised in protein 
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Table 1. Ethnic origin of families used in this study of Bardet-Biedl syndrome 

UK (Edinburgh) 
UK (London) 
Norway 
Denmark 
Sweden 
Switzerland 
Egypt 

BBI, BB2 
BB4, BB5, BB6, BB7, BB8, BB9, BBI5, BBI7, BBI9, BB21 
BBI2, BBI3, BBI4, BBI8 
BB23, BB24, BB25/26, BB27 
BB22 
BBIO, BBII 
BB20 

Total = 25 families (24 kindreds). 

dimerisation and consensus phosphorylation sites. Its function is not yet clear but it has been 
implicated in the control of rhodopsin expression by specifically binding to upstream 
regulatory sequences at the rhodopsin locus (Farjo et aI., 1993). The gene is comparatively 
small, with 3 exons spanning 6.4 kb of DNA and is currently being screened for mutations 
in the five families showing linkage to this region. 

BARDET -BIEDL SYNDROME STUDY 

Bardet-Biedl syndrome is an autosomal recessive disorder characterised by retinitis 
pigmentosa, polydactyly, obesity, hypogonadism, renal anomalies and mental retardation 
(Green et aI., 1989). The retinal degeneration comes under the general rubric ofRP but often 
does not show the characteristic pigmentary deposits of RP. It is associated with a severe 
central and peripheral dystrophy frequently resulting in blindness by the end of the second 
or third decade. The prevalence of Bardet-Biedl syndrome is not known with accuracy but 
the comparative rarity of the disorder, together with the specificity of the clinical features, 
initially suggested that it might be genetically homogeneous. Although clinical heterogeneity 
is quite marked both within and between families, much of this could be attributed to allelic 
heterogeneity and genetic background effects. However, soon after commencing these 
studies, linkage was reported between Bardet-Biedl syndrome and the D 16S408 and flanking 
markers in chromosomal region 16q21 in an extended Bedouin kindred (Kwitek-Black et 
aI., 1993) and then in a second large Bedouin kindred to markers on the short arm of 
chromosome 3 (Sheffield et aI., 1994). A third locus was reported in a subset of 17 out 001 
families using the PYGM/D II S913 markers in chromosomal region II q 13 (Leppert et aI., 
1994). In order to try and confirm these results we have analysed linkage to the 16q21 and 
llql3 regions in a set of 26 Bardet-Biedl families, each containing at least two affected 
individuals, with a total of 57 affected members. The ethnic origin of the families is shown 
in Table 1. 

(i) Two-Point lod Scores 

The results of two-point linkage analysis between Bardet-Biedl syndrome and 
DllS913, Dl1S987, DllS916, DlIS527, DlIS906 and DIIS901 are shown in Table 2a: 
the results with D 16S408, D 16S400 and D 16S421 are shown in table 2b. The combined lod 
scores are strongly negative in both cases, excluding the possibility that all families are linked 
to one or other locus. The highest lod scores in the combined families are 2.61 (8 = 0.20) 
with D II S527 and 2.49 (8 = 0.10) with Dli S987, suggesting the possibility of genetic 
heterogeneity. 
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Table 2. (a) Results of two-point linkage analysis with 
chromosome II markers in 26 Bardet-Biedl families. 

(b) Results of two-point linkage analysis with chromsome 
16 markers in 26 Bardet-Biedl families. The lod scores and 

corresponding recombination fractions are shown 

(a) Linkage analysis with chromosome II markers 

Locus 0.00 0.01 0.05 0.1 0.2 0.3 0.4 

DIIS913 - 00 -9.55 -2.50 -0.22 0.85 0.62 0.18 
DIIS987 - 00 -3.75 1.24 2.49 2.34 1.30 0.35 
DIIS916 -00 -11.78 -3.17 -0.42 0.92 0.74 0.26 
DIIS527 -00 -6.77 0.32 2.29 2.61 1.60 0.49 
DlIS906 - 00 -1.17 1.14 1.65 1.42 0.82 0.26 
DIIS901 - 00 -13 .67 -4.86 -1.87 -0.03 0.26 0.13 

(b) Linkage analysis with chromosome 16 markers 

Locus 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

DI6S408 - 00 -12.28 -4.20 -1.41 0.28 0.41 0.15 
DI6S400 -00 -16.39 -6.85 -3 .35 -0.83 -0.11 0.01 

DI6S421 -00 -15.80 -6.73 -3.42 -0.99 -0.23 -0.03 

(ii) Multipoint and Heterogeneity Analyses 

MUltipoint analysis was carried out on all the families using the data from the 6 
chromosome II markers by serial3-point analyses with the LINKMAP programme (Lathrop 

et aI., 1984). Heterogeneity analysis of these data using the HOMOG programme (Terwil

liger and Ott, 1994) showed evidence of genetic heterogeneity (P = 0.023) with 50% of 

families linked to chromosome II q 13 markers (P = 0.003). On the basis of these results, 17 
families with positive lod scores for the chromosome II region were combined and 
re-analysed for genetic heterogeneity. The results showed that there was no longer evidence 

Figure 3. (a) Schematic diagram of 
genetic markers around chromosomal 
band II q 13 chromosome showing the 
position of the Bardet-Biedl syn
drome gene located in this study. (b) 
Schematic diagram of genetic mark
ers around chromosomal band 16q21 
showing the position of the Bardet
Biedl syndrome gene identified in this 
study. 
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of heterogeneity (P = 0.5) and the evidence for linkage was increased (X2 = 26.16, P < 
0.00001). The maximum likelihood location of the Bardet-Biedllocus was 6 cM proximal 
to D II S913 (Figure 3a) with a lod score of 5.6S. The approximate 95% confidence interval 
extends 15 cM proximally from D II S913. This localisation for the Bardet-Biedl syndrome 
locus is similar to that identified by Leppert et ai. (1994) at the PYGM locus, 3 cM proximal 
to D II S913. Interestingly, a second possible location for the disease gene was found in the 
present study IS cM away, at a site IcM distal to marker DIIS916 (P= 0.11). This emphasizes 
the wide confidence limits when mapping a heterogeneous disease in a series of small 
families. 

Similarly, heterogeneity analysis was carried out using the multipoint data obtained 
with chromosome 16q21 markers. The results showed evidence of genetic heterogeneity at 
a borderline significance level (P = 0.053) with 27% offamilies linked to this region. A subset 
of II families showing positive lod scores with chromosome 16 markers was re-analysed 
for genetic heterogeneity which showed that there was no longer evidence of heterogeneity. 
The Bardet-Biedl syndrome locus was linked to a site 2 cM proximal to D 16S40S (Figure 3 
b) with a lod score of 5.45. The approximate 95% confidence interval extended 10 cM 
proximal to Dl6S40S and 2 cM distal to it. The Utah group previously found tight linkage 
to D 16S40S but the closest flanking markers were D 16S419 and D 16S265 separated by IS 
cM, defining the region of search (Leppert et ai., 1994). 

Unlinked Families and Clinical Differences 

An estimated 23% of families are unlinked to both the II q 13 and 16q21 loci. There 
were no clinical features that distinguished families linked to chromosome II, chromosome 
16 or those unlinked to either. No evidence was found of linkage to the chromosome 3 
markers reported by Sheffield et ai. (1994) to be linked in a large Bedouin Bardet-Biedl 
syndrome kindred. 

SUMMARY AND CONCLUSIONS 

Autosomal Recessive RP in the Sardinian Population 

The result of analysing over 200 microsatellite markers for evidence of linkage to II 
Sardinian autosomal recessive RP families was to highlight one chromosomal region 
potentially involved in this disease. Prevous studies excluded most of the known sites for 
recessive RP loci, including loci coding for the cyclic GMP phosphodiesterase beta subunit 
(McLaughlin et ai., 1993), rhodopsin (Rosenfeld et ai., 1992), cyclic nucleotide gated 
channel a subunit (McGee et ai., 1994) and the chromosome Iq (van Soest et ai., 1994) and 
6p (Knowles et ai., 1994) sites, in the majority of families. However, the linkage data 
supported but did not fully confirm a locus in chromosomal region 14q II.I-q 11.2 in a subset 
of families. This result was based on heterogeneity analysis using marker D 14SS0 and the 
demonstration of a region of homozygosity spanning four adjacent markers (DI4S275, 
D14S64, DI4SS0, D14S262) in a consanguineous pedigree. Current work is focusing on 
analysis of a candidate gene within the region. Future linkage studies will focus on a smaller 
number of extended families in order to circumvent the problem of locus heterogeneity. 

Bardet-Biedl Syndrome 

These results support the presence of genetic heterogeneity in Bardet-Biedl syndrome 
with loci on chromosomes II, 16 and at least one other locus. The most common form of 
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Bardet-Biedl syndrome in this heterogeneous set of families is linked to the II q 13 locus. 
About 50% offamilies are II q 13-linked, 27% are 16q21-linked and 23% unlinked to either 
locus. The location of the Ilq 13 locus appears to be about 6 cM proximal to D II S913, which 
is close to that reported by Leppert et al. (1994). The location of the chromosome 16 locus 
was found to be 2cM proximal to D16S408, similar to that reported by Kwitek-Black et al. 
(1993) in a large consanguineous pedigree. There are no obvious clinical differences between 
the three genetic types of Bardet-Biedl syndrome identified. 

ADVANTAGES AND DISADVANTAGES OF MAPPING 
AUTOSOMAL RECESSIVE RP GENES 

These results illustrate both the advantages and disadvantages of mapping autosomal 
recessive genes by linkage analysis. The major disadvantage is the presence of locus 
heterogeneity which is extraordinarily high in retinitis pigmentosa. Even within the relatively 
rare syndromal form of recessive RP, Bardet-Biedl syndrome, at least 4 loci have been 
identified or inferred by linkage studies. Two of these studies were carried out on extended 
inbred kindreds which were large enough to confirm or exclude linkage by themselves. This 
study and that of Leppert et al. (1994) consisted of pooled families from more diverse ethnic 
backgrounds and both identified evidence for locus heterogeneity. Large samples are 
required for this approach to be successful and the fine mapping of these loci in heteroge
neous sets is problematic. The main advantage of mapping recessive disorders lies in the use 
of homozygosity mapping methods when consanguineous pedigrees are available. This 
provides a powerful means of mapping loci even with comparatively small numbers of inbred 
families and probably provides the best means of advancing linkage studies in the presence 
of locus heterogeneity. 
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SUMMARY 

To date more than 60 different heterozygous mutations of the rhodopsin gene have 
been identified and suggested to be causative in autosomal dominant retinitis pigmentosa 
(adRP). Here we report two families segregating for an inherited retinal degeneration with 
most likely autosomal dominant inheritance of the trait. In the first family, a novel heterozy
gous missense mutation of the rhodopsin gene, predicting a Ser I 86Trp change in the protein, 
results in adRP with incomplete penetrance, as the 52-year-old grandmother, heterozygote 
for the mutation, does not show any clinical abnormalities whereas two other carriers suffer 
from retinal degeneration of moderate severity. In the second family, a novel point mutation 
in exon IV of the rhodopsin gene predicting the Gly284Ser alteration was identified. 
However, the mutation did not co segregate with the disease phenotype in the family. Of the 
eight family members carrying this alteration, three have not shown any abnormality on 
clinical examination. More importantly, two clinically affected persons did not carry the 
rhodopsin alteration, which strongly suggests that the Gly284Ser change is non-pathogenic 
in the heterozygous state. 

INTRODUCTION 

Since the first report on the heterozygous Pro23His mutation of rhodopsin in 
patients/families with autosomal dominant retinitis pigmentosa (adRP; ref. I) more than 60 
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further mutations of the rhodopsin gene have been described (for review see 2). These 
mutations may result in largely variable clinical phenotypes (3-10). However, a tight 
correlation between genotype and phenotype has not been established, yet. Therefore it is 
of interest to characterize the clinical phenotype associated with any novel rhodopsin 
mutation that in the long run may also be helpful in counselling of patients with respect to 
their visual prognosis. 

Here we report the clinical data obtained on members of a family with adRP due to 
a novel heterozygous missense mutation of the rhodopsin gene. In addition, a heterozygous 
missense mutation in exon 4 is described that does not cosegregate with the disease 
phenotype in a large family with adRP. 

Methods 

F or each patient a questionnaire was completed with respect to age of onset of night 
blindness, visual field restriction, glare sensitivity, and visual acuity. Clinical examination 
included visual acuity, slit-lamp examination, fundus photograph, colour vision testing, and 
electroretinogram (ERG). In some cases, dark adaptation testing was performed with a 106 
minutes of arc stimulus presented in a modified kinetic perimeter. With regard to the ERG, 
rod responses (standard flash minus 2 log units neutral density filter), rod-cone responses 
(standard flash in the dark adapted eye), and the 30-Hz light adapted responses dominated 
by cones were recorded. In affected individuals, kinetic perimetry, in family members 
without subjective symptoms automatic perimetry was carried out (Tuebingen automatic 
perimeter). All methods have been described in detail previously (6,7). 

Screening for mutations in the rhodopsin gene was carried out by single strand 
conformation polymorphism and heteroduplex analyses. Direct sequencing of DNA frag
ments amplified by polymerase chain reaction (PCR) was performed if abnormalities were 
detected by either of the two methods. Details of the molecular genetic methods used have 
been described elsewhere (11). 

RESULTS 

Family 1 

The pedigree of the family is shown in Fig. 1. There are two affected persons in two 
consecutive generations. 

The index patient (IV. 1 ) was a 6-year-old girl. She reported having difficulties to 
adapt from bright to darkened environment. Visual fields were measured by kinetic perimetry 
and the Goldmann III-4e target and were found being essentially normal (Fig. 2), indicating 
a relatively good cone function. The rod-ERG was markedly reduced while the cone-ERG 
revealed clearly detectable potentials (table 1). On funduscopy, optic discs were pink and 
retinal vessels had a normal caliber. At the posterior pole, the foveolar reflex was present 
but the macula showed tiny defects of the pigment epithelium. In the periphery, there were 
only very few and tiny pigment deposits. It is worth mentioning that viusal acuity of the 
patient was only 0.5 OU, that is much less than that of her affected mother (0.8 OU at the 
age of30), suggesting a more severe phenotype. A summary of the clinical findings is given 
in Table 1. 

The retinal degeneration of the mother (III.2) of the index case was diagnosed at the 
age of six. At that time she complained about night vision problems and visual field losses. 
She noticed no problems with colour vision. At the age of 28, she realized a reduction of 
visual acuity. One year later, she had cataract surgery on her right eye. At the time of our 
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Figure 1. Pedigree of family I. Left side numbers indicate age. 

examination she was 30 years old. There was a considerable constriction of visual fields, 
more advanced in her right eye (Fig. 3). The ERG-responses of rods and cones were barely 
recordable (see table I). Fundus examination revealed atrophic discs and severely attenuated 
vessels in both eyes. At the posterior pole and in the fundus periphery, a diffuse atrophy of 
the pigment epithelium was evident. There were only few bone spicule pigments, in part 
paravascular. Further clinical findings are again summarized in Table I. 

DNA analysis revealed both in the index patient and her mother a heterozygous 
missense mutation (TCG > TGG) at codon 186 of the rhodopsin gene predicting the amino 
acid exchange of serine-I 86 to tryptophan. The unaffected sister (III. 3 ) of the mother did 
not carry the mutation. Similarly, the analysis of DNA samples of60 unrelated and unaffected 
controls has failed to detect this particular gene alteration suggesting that it does not represent 
a frequent polymorphism. However, molecular genetic analysis on the clinically unaffected 

LEFT RIGHT 

Figure 2. Kinetic perimetry of IV. I in family I. 
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Table 1. Summary of the clinical data offamily I 

ERG ERG-30 
ERG rod rod/cone Hz cone 

Visual acuity Refraction response response response 
Patient (distance) (Dpt) Colour vision (IlV) (IlV) (IlV) 

Mother REO.8 RE + 1.0 IOL minimal changes not detectable R/L< 10 RE 7.0 
(III. 2) LEO.8 LE -0.75 LE 4.5 

Daughter REO.5 RE -0.75 moderate changes* RlL<5 RlL 50 RE 35 
(Iv. I ) LE 0.5 LE -0.75 LE 50 

Grandmother RE 0.8 RE -0.5 normal RE 137 RE 380 RE 62 
(II .2) LE 0.8 LEO LE 146 LE420 LE 82 

(normal) (normal) (normal) 
Grandfather REO.8 RE -0.25 moderate changes* RE 88 RE 347 RE 121 

(11.3) LE 1.0 LE -0.75 LE 112 LE 356 LE 133 
(low normal) (normal) (normal) 

*Mainly reduction of blue sensitivity. 

maternal grandmother (II.2) disclosed the same mutation in heterozygous form. At the time 
of her clinical examination, the grandmother was 52 years old. She reported having 
difficulties to see in the dark during the last years. An increased glare sensitivity has also 
been noted for approximately one year. However, she did not note a reduction of visual fields. 
Indeed, visual field testing by automated perimetry showed essentially normal results with 
slightly reduced sensitivity in the right eye. There was a mild exotropia of the right eye. On 
slit lamp examination, lenses showed beginning age-related clouding. Fundus picture 
showed a mild granular structure of pigment epithelium but was essentially normal. The 
electroretinogram was normal both in amplitude and implicit time (Table I and not shown). 
In dark adaptation testing, after 30 minutes of darkness, rod absolute threshold of the left 
eye, measured 20° nasally on the horizontal meridian, was elevated by half a log unit. 

The grandfather (II.3), not carrying the Ser I 86Trp mutation, was also examined 
clinically. He was 53 years old and reported also having dark vision problems and elevated 
glare sensitivity since the age of 52. Lenses were slightly cloudy and he made some errors 

LEFT RIGHT 

Figure 3. Kinetic perimetry of III.2 in family I. 
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in the Panel-D-15 colour vision test pointing to a decrease of blue sensitivity. The macula 
showed first signs of age related degeneration, but otherwise the fundus was unremarkable. 
Rod absolute threshold as well as the ERG were normal (for all results see Table I). 

Family 2 

In family 2 (Fig. 4), there are 7 affected individuals in three consecutive generations 
suggesting autosomal dominant inheritance of the trait. Nevertheless, X-chromosomal 
inheritance can not be ruled out completely, either, as there is no male to male transmission. 
Clinical examinations were performed only on persons from generations III and IV 

DNA samples of two affected members from the third generation were screened for 
rhodopsin gene mutation. The analysis revealed a nucleotide change in codon 284 (GGT ) 
AGT) in ex on IV predicting the replacement of glycin-284 by serine. The G to A transition 
destroys the recognition site for the restriction enzyme Ava II which is present in the 
wild-type rhodopsin sequence at this position. Therefore, the PCR-amplified exon IV 
fragment of 332 base pairs (bp) can not be cleaved into fragments of 171 bp and 160 bp if 
the mutation is present (see Fig. 5). DNA samples ofa total of 12 members from generations 
II-IV were analyzed by Ava II digestion following PCR amplification of exon IV, to identify 
carriers of the alteration. Five individuals are heterozygous for the Gly284Ser change and 
affected by a retinal degeneration. 

11.2 was examined only by DNA analysis and shown to carry the alteration in 
heterozygous form. Medical reports said that he was affected by RP. Apart from that he had 
also glaucoma. Two of the patients with the mutation (IIL5, IlL 11 ) had a mild RP, as far as 
visual fields were concerned. Using a bright and large target (Goldmann III/4), visual fields 
were quite normal, whereas for smaller and less intense stimuli there was a marked reduction 
in sensitivity in both cases (see visual fields ofIII.11 in Fig. 6). In contrast, ERG-responses 
for rods and cones were barely detectable. Subjectively these individuals were unaware of 
any visual field constriction. Individual IV15 was just five-years-old when he was examined. 
He showed subtle retinal pigment epithelium changes, a reduction of ERG rod potentials, 
but cone potentials in the normal range. His rod absolute threshold was elevated by about 
one log unit. Visual field testing was not reliable because of the reduced compliance. In the 
fifth patient with the mutation (IlIA), the phenotype was rather different than in IlL5 and 
III. 1 I , in that the visual fields were much more constricted with temporal islands in both 
eyes (see visual fields in Fig. 7); however, ERG responses were comparable to IlL5 and 
III.II. In contrast, patient III. 1 had the same mild RP phenotype as III.5 and III. 1 1 , but does 
not carry the Gly284Ser alteration. The same was true for IVI4, a twelve-year-old girl, 
suffering from an early form of the disease. She had normal visual acuity, normal visual 
fields using the Goldmann III/4 target, but a severely reduced rod-ERG. The cone ERG was 
still within normal limits. On funduscopy she showed slightly attenuated vessels, a diffuse 
pigment epitheliopathy and some tiny pigment deposits. All five exons of the rhodopsin gene 
of IlL 1 adn rVI4 were sequenced but no alteration was found. Restriction analysis of DNA 
samples of 60 unrelated and unaffected controls failed to detect this mutation. 

Three individuals (IIl.2, III.8, and IIL9) were heterozygote for the rhodopsin altera
tion without presenting any signs of RP. Visual fields, dark adaptation, and the ERG were 
normal. 

DISCUSSION 

Polymorphisms in the coding region of rhodopsin gene are infrequent (see 12 and 
references therein). Most of them are "silent" (samesense) third-position nucleotide ex-
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bp 1 2 3 4 5 6 7 89M 

Figure 5. Detection of the heterozygous G to A transition of the first nucleotide of codon 284 by Ava II 
digestion of peR-amplified ex on IV of the rhodopsin gene. For explanation see text. Lanes 1,2.4,7 and 8: 
individuals II .2, III.2, IlI.4, III.5 , and III.8; lanes 3,5,6 and 9: individuals IlL I , III .3, IY.14, and an unaffected 
and unrelated control. 

LEFT RIGHT 

Figure 6. Kinetic perimetry in III.II . 

LEFT RIGHT 

Figure 7. Kinetic perimetry in 1II.4. 
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changes. Heterozygous missense mutations of the rhodopsin gene not leading to retinal 
degeneration are extremely rare. There have been several reports on rhodopsin gene muta
tions which apparently do not cosegregate with the disease phenotype (13-16). However, the 
possibility of variable expression, incomplete penetrance, autosomal recessive inheritance, 
or digenic inheritance should always be considered in such cases. 

In this report we described two families with adRP and mutations in the rhodopsin 
gene. In family I, there are three heterozygous carriers of Ser186Trp in three generations. 
Two of them (mother and daughter) show signs ofa moderate retinal degeneration. The third 
individual (grandmother) should be regarded clinically as unaffected. The disturbed night 
vision and elevated glare sensitivity might be due to the begining cataract. Although rod 
sensitivity is slightly elevated, by half a log unit, the ERG is completely normal without any 
signs of a rod defect. A granular appearance of the fundus, as observed in the grandmother, 
can also be seen in unaffected controls. 

One explanation for the absence of retinal dystrophy in the grandmother can be that 
the disease (of all three family members) is due to a mutation of another gene and Ser I 86Trp 
is not pathogenic but represents a rare sequence variant (polymorphism). Residue 186 is in 
the second extracellular/intradiscalloop of rhodopsin next to cysteine-I 87, an amino acid 
which is part of the disulphide bond formed with cysteine-II O. This disulphide bridge is 
thought to be very important for the proper folding, processing, intracellular transport, and 
function of rhodopsin. Indeed, there are numerous reports that the replacement of residues 
cysteine-I 10 or cysteine-I 87 as well as that of neighbouring amino acids is associated with 
adRP (see 17 and references therein). A different missense mutation of codon 186 of the 
rhodopsin gene, predicting the Ser I 86Pro change, has already been reported in a patient with 
RP (18). Sung and coworkers examined this latter alteration by in vitro expression studies 
and provided evidence that the protein is afunctional in that it does not reach the plasma 
membrane but stays in the endoplasmic reticulum, and fails to reconstitute with II-cis-retinal 
(19,20). Nevertheless it remains to be proven whether or not the same is true for the 
Ser I 86Trp mutant described here. 

Assuming that Ser186Trp is the primary genetic cause of the disease in family I, the 
lack of RP-symptoms in the grandmother can be due to autosomal dominant RP with 
incomplete penetrance. Berson and coworkers examined extensively families with retinitis 
pigmentosa and apparently incomplete penetrance (13,14). As the authors found mild 
abnormalities in the ERG of subjectively unaffected individuals they suggested that in fact 
these cases represent variable expression of the mutation. Similarly, Moore and coworkers 
studied a large family with adRP in which several individuals had an affected parent and an 
affected offspring but were subjectively asymptomatic (21). Again the authors found 
evidence of mild abnormalities in rod and cone function and interpreted these cases as 
variation in expression rather than true non-penetrance of the gene mutation. 

Of the 8 individuals heterozygote for the Gly284Ser change of rhodopsin in family 
2, five are affected by a retinal degeneration. As three carriers have not presented any signs 
of the disease, this observation would suggest non-penetrance. However, there are two 
affected persons (111.1 and IV.15) who do not carry the gene alteration at all. Therefore, it is 
unlikely that this mutation is the primary genetic cause ofthe RP in this family. Furthermore, 
our findings suggest that Gly284Ser in heterozygous state is an apathogenic rare sequence 
variant (polymorphism). In fact, from the biochemical point of view, there is little difference 
between glycine and serine, as both are neutral aliphatic amino acids. In addition, codon 284 
is in the third extracellular loop of rhodopsin, which is evolutionarily not conserved among 
receptors belonging to the rhodopsin family (see 22) suggesting that this residue/this region 
of rhodopsin is not absolutely essential for the function of the molecule. 

Macke and coworkers (16) identified a heterozygous missense mutation prediciting 
the Vall04Ile change of rhodopsin in a patient with Leber congenital amaurosis, an autoso-
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mal recessive trait. Also this mutation did not coinherit with retinal disease in the patient's 
family suggesting that Vall 04Ile is a polymorphism in heterozygous state. In this case, too, 
the wild-type and mutant amino acids are rather similar from biochemical point of view 
("conservative" amino acid exchange). Again, valine-l 04 is in the first extracellular loop, a 
region of the rhodopsin molecule which is not strictly conserved during evolution in related 
proteins. 

Nevertheless, it it possible that both Gly284Ser and Vall 04Ile are pathogenic in the 
homozygous state. Indeed, Kumaramanickavel and coworkers reported a family with autoso
mal recessive retinitis pigmentosa in which affected members were found to carry a 
homozygous Glu 150Lys mutation in the rhodopsin gene (23). However, the patients' parents 
and siblings, heterozygote for the same alteration, did not show any abnormalities on 
ophthalmological and psychophysical examinations. 

In conclusion, data presented in this report underlines that heterozygous missense 
mutations of rhodopsin should not necessarily result in retinal degeneration due to largely 
variable expression, incomplete penetrance, or the complete absence of pathogenicity of the 
mutation in question. 
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SUMMARY 

Rod photoreceptor cGMP-specific phosphodiesterase (PDE) is a key enzyme of the 
phototransduction cascade. Mutations in the gene encoding the ~-subunit of PDE (~PDE) 
have been implicated in two distinct human retinal disorders; autosomal recessive retinitis 
pigmentosa (arRP) and autosomal dominant congenital stationary night blindness 
(adCSNB). 

We examined the ~PDE gene in 101 unrelated patients with arRP from Germany for 
sequence changes by single strand conformation polymorphism analysis. Band shifts were 
detected in 17 different gene fragments amplified by polymerase chain reaction. Direct 
sequencing revealed II single base substitutions that were considered being most likely 
polymorphisms. Of the remaining six, and most likely disease related exonic mutations, three 
(225C~ TI Arg74Cys, 226insC, and 660T ~C/Tyr219His) have been found in patients with 
only one (heterozygous) ~PDE-mutation identified so far. In two patients, both ~PDE-alleles 
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carried potentially pathogenic mutations; one patient was homozygote for the 
1585T~C/Leu527Pro change while the other one was a compound heterozygote for 
897C~ T /Gln298stop and 2565C~GlLeu854Val. This latter patient, a 19-year-old female, 
presented with typical clinical, electrophysiological, and psychophysical symptoms of a 
rod-cone degeneration. 

We have recently described a large multigeneration Danish pedigree with adCSNB, 
in which the photoreceptor dysfunction was cosegregating with a heterozygous His258Asn 
mutation of the PPDE gene. Here we report two further Danish pedigrees with adCSNB and 
the His258Asn mutation. Both families were shown to be unrelated to the original pedigree 
for (at least the last) 6 generations. Nevertheless, genotyping for 11 different intragenic DNA 
polymorphisms revealed that night blind subjects in the three families shared the same PPDE 
haplotype suggesting that the His258Asn allele originated from a common ancestor. Assum
ing that the three families were linked in the seventh generation, a maximum lod score of 
28.615 at theta = 0.00 was obtained for the linkage relationship between the loci for adCSNB 
and pPDE. These data provide strong support for the hypothesis that the mutant PPDE is 
responsible for CSNB in this family, i.e. that the molecular defect is in the phototransduction 
cascade and at the photoreceptor level. 

INTRODUCTION 

Rod photoreceptor cGMP-specific phosphodiesterase (PDE) is a heterotetrameric 
enzyme (aPY2) that has a central function in the phototransduction process (for review see 
ref. 1). cGMP hydrolysis by activated PDE results in closure of cGMP-gated cation channels 
leading to hyperpolarization of the cell membrane and signalling. Enzyme activity is 
associated with the two larger subunits ofPDE, a and P, while y-subunits have regulatory/in
hibitory functions. Interestingly, mutations in the gene encoding the p-subunit of PDE 
(f3PDE) have been implicated in two rather different human retinal disorders; autosomal 
recessive retinitis pigmentosa, a progressive degeneration of photo receptors, and autosomal 
dominant congenital stationary night blindness, a nonprogressive photoreceptor dysfunction. 
Here we briefly summarize our data on the f3PDE gene in these two disorders. 

Methodology 

Oligonucleotide primers and experimental conditions used for mutation screening 
and indentification following PCR amplification were essentially the same as given in the 
literature (2). For gel electrophoresis in single strand conformation polymorphism (SSCP) 
analysis, two different conditions were used routinely, and a third one occasionally to 
increase mutation detection efficiency (Fig. 1); (i) 8% acrylamide (cross linking 2.6), 10% 
glycerol, and 0.9x TBE buffer, (ii) 8% acrylamide (cross linking 1.3), 10% sucrose, and 0.9x 
TBE, or (iii) 6% acrylamide (cross linking 2.6), 5% glycerol, and 0.9x TBE buffer. Samples 
were electrophoresed in the same buffer at 15-25 W for 10-16 hours at room temperature or 
+4°C. Gels were silver stained. 

The C~A transversion ofthe first nucleotide at codon 258 (His258Asn, H258N) was 
detected by the method of primer-specific restriction map modification (' designed mismatch' 
PCR). This missense mutation can be identified specifically in PCR fragments of exon 4 
amplified by an oligonucleotide primer pair introducing a T to G mismatch in codon 257, 
which, together with the codon 258 mutation, creates a new Hinc II restriction site (for 
experimental details see ref. 3). 
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Figure 1. Detection of 'mobility shifts' by 
SSCP analysis of PCR-amplified DNA frag
ments of exon 22 using two different separa
tion conditions. a) 8% acrylamide (cross 
linking 2.6) with 10% glycerol, b) 8% acry
lamide (cross linking 1.3) with 10% sucrose. 
Lanes I and 3: wild type, lane 2: heterozygote 
for the point mutation 2565C~G (Leu854Val). 
Note that the 'band shift ' is much more promi
nent by the second condition. 
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Retinitis pigmentosa (RP) is the most common fonn of inherited retinal dystrophies 
in men with an incidence of about I case in 3000-7000 individuals (4,5). In addition to 
X-linked, autosomal dominant (ad), and autosomal recessive (ar) RP, the majority of patients 
represents simplex cases, i.e. the mode of inheritance cannot be detennined by family 
analysis. Within the three above mentioned monogenic types of RP, both allelic and 
non-allelic genetic heterogeneity has been demonstrated (6). 

Three not yet identified arRP-genes have been recently assigned to chromosomes I q 
(7,8), 6p (9), and 14q (10) by linkage studies. In addition, mutations of the gene encoding 
rhodopsin have been identified in two patients/families with arRP (11 ,12). Finally, several 
nonsense and missense mutations in the PPDE gene, mapped on chromosome 4pI6.3, have 
been described recently in patients with arRP (13). Also, in animals (rdlrd mice and red1 
Irish setter), nonsense mutations in the PPDE gene have been found to be the genetic cause 
of retinal degeneration (16,17). It has been suggested that the loss of PDE activity results in 
excessive accumulation of cGMP which is deleterious for rod photoreceptor cells (\8). 

Mutations of the PPDE Gene in Patients with Autosomal Recessive 
Retinal Dystrophy 

We examined the PPDE gene in 101 unrelated patients with arRP from Gennany by 
amplifying each of the 22 exons together with the donor and acceptor splice sites and about 
40 bp of intronic sequences at both sides (see Fig. 2). 

SSCP band shifts were detected in 17 different PCR products from a total of 40 
patients. All samples were analysed further by direct sequencing and, if feasible, by 
restriction digestion. Of the 17 band shifts, eleven were found in exons and six in introns. 
'Silent' third-position nucleotide exchanges were detected in exon 2 [in 5 of 101 patients], 
exon 5 [6/1 01], exon 8 [1 / 101], exon 13 [6/1 01] and exon 19 [Ill 01; see Table 1]. A further 
variant was found in the donor splice site of exon 17 with GC instead of GT which has been 
reported originally (2) and represents the consensus donor splice site sequence. As only GC 
was found in the 6 independent samples, including two unaffected controls, examined in our 
laboratory, this might be the nonnal splice site for this exon. We have found a few additional 
minor differences when compared to the previously published human PPDE gene sequence 
(2,19) which are summarized in Tables I and 2. Several polymorphisms due to single base 
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Figure 2. Mutations in the ~PDE gene. A, domain structure of the PDE ~ .. subunit. cO 1 and c02 denote the 
noncatalytic cOMP binding sites. HD, homologous domain associated with the active site of PDE. CAAX, 
motif signaling prenylation. The y-binding domain is thought to be near the N-terminal portion of the subunit. 
The approximate location of the mutations is indicated by arrows. The mutations were taken from the references 
indicated in text. B, schematic representation of the human ~PDE gene. Exons and their respective mutations 
are connected by broken lines. 

Table 1. Sequence variants detected in the PPDE gene that are most 
likely polymorphisms 

Changes in the 

Exon - intron DNA··b Protein Restriction mapc Frequency 

5'UTR 317A/oa < 1.0% 
exon 2 620CITb no (Asp205) 5.0% 
intron 3 1128-11 A/C' < 1.0% 
exon 5 9200/Ab no (Thr305) 7.0% 
intron 7 1476-13CIN 7.0% 
exon 8 1088CITb no (Ser361) +MvnI < 1.0% 
exon 13 166IT/Cb no (Arg552) +MspI 6.0% 
intron 13 2138+12C/P < 1.0% 
exon 19 220lCIN no (VaI732) < 1.0% 
3'UTR 2978+110/N 4.0% 

2978+21TIN 4.0% 

•. bposition of base pairs according to refs. 2 and 19, respectively. 
C,+' and '-' refers, respectively, to gain or loss of the restriction site given. 
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Table 2. Summary of sequence variants of the human PPDE gene found 
in this study when compared to the sequence originally reported (2) 

Exonlintron 

5'UTRa 
intron 4a 

exon 6b.c 

ex on 17b.c 

intron 17' 

Differences between base pairs/amino acids 

346insGA; 349insT; 352insG; 360insG; 367insG; 369insT 
1268+3insC 

947C~A (Gln315Lys) 
963C~A (Leu320Ile) 

2097 A~ T + 2098T ~A (Ile698Tyr) 
2437+2T~C 

a.bposition of base pairs according to refs. 2 and 19, respectively. 
'The same sequence variants have also been found in an independent study 

(19). 
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substitutions were identified in the 5'- and 3'-untranslated regions (UTR) and in introns 4,7, 
and 13. Some of these variants have already been described (3,13-15). Clearly, none of the 
above mentioned changes in the ~PDE gene can be considered causal for RP. 

Of the six most likely disease related exonic mutations, three have been found in 
patients with only one (heterozygous) ~PDE-mutation identified so far (Table 3 and Fig. 2). 

The l-bp insertion in exon 1 should lead to a shift in the reading frame and a premature 
termination of protein translation 315 bp downstream. A missense mutation, predicting 
Tyr219His (Y219H), was detected in exon 3. The corresponding region in the protein is 
thought to interact with yPDE and is part of the noncatalytic cGMP-binding domain. 
Therefore the substitution of a polar amino acid by a positively charged amino acid may 
negatively affect enzyme activity and specifity. Another missense mutation was detected in 
exon 1 predicting the Arg74Cys (R74C) change in the protein. 

Although each of the above mentioned three mutations may result in drastic reduction 
or complete loss of enzyme activity, they are unlikely to be the cause of RP in the patients 
in heterozygous state. Clearly, we can not exclude compound heterozygosity, i.e. the 
presence of a second deleterious mutation on the other ~PDE allele. On one hand, certain 
sequence changes may escape detection in SSCP analysis. On the other hand, we have 
analysed only the 22 exons of the PPDE gene together with about 40 bp in introns. The three 
patients may carry a second mutation in one of the introns outside the regions tested or in 
the ~PDE gene promoter either of which may lead to an afunctional PDE allele and RP. 
Alternatively, the three patients may be heterozygote for the ~PDE mutation just by chance 
while the retinal dystrophy is due to mutations of another arRP gene. Finally, a further 
explanation of the RP in the three patients could be digenic inheritance. A recent report has 

Table 3. Sequence changes detected in the PPDE gene that are 
most likely pathogenic mutations 

Exon Changes in the DNA' Changes in the protein Restr. mapb 

ex on I 225C~T Arg74Cys -Mvnl 

226insC frameshift +HaeII 
exon 3 660T~C Tyr2l9His 

exon 5 897C~T Gln298ter 

exon 12 1585T~C Leu527Pro +MspJ 

exon 22 2565C~G Leu854Vai 

'Position of base pairs according to ref. 19. 
b,+, and' -' refers, respectively, to gain or loss of the restriction site given. 
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Figure 3. Partial nucleotide sequence of the ~PDE gene in patients nos. 167 (A) and 147 (8). 

suggested that heterozygous (recessive) mutations of two different genes (those encodin; 
peripherin/RDS and ROM 1) may cause RP due to noncomplementation (20). 

In two patients, both ~PDE-alleles carried potentially pathogenic mutations. j 

homozygous missense mutation was found in exon 12 of patient no. 167. The T ~( 
substitution at position 1585 creates a new MspI restriction site and predicts a Leu527Prl 
(L527P) change in an evolutionarily conserved region of the protein (Fig. 2). The health: 
sister ofthe patient is heterozygote for the mutated allele as evidenced by restriction analysi 
(not shown). 

Patient no. 147 carries two different heterozygous mutations. A C~T transition a 
position 897 in exon 5 creates a nonsense codon (Gln298ter, Q298ter). This stop appear 
before the gene region encoding the second putative noncatalytic cGMP-binding domail 
and the domains essential for both the catalytic function and membrane binding. All togethe 
more than two-third of the polypeptide chain is eliminated which should result in a functiona 
null-allele. The same mutation has already been reported in another patient with arRP fron 
the USA(3). In addition to the amber mutation in exon 5, a C~G transversion was identifiel 
at nucleotide 2565 in exon 22 of the same patient predicting the replacement of the conservel 
amino acid leucine-854 by valine (Leu854Val, L854V, Fig. 3). 

Leu854 is the last residue of the ~PDE polypeptide and highly conserved throughou 
evolution being found in mouse, dog and bovine ~PDEs (see ref. 21). It has been suggestel 
that leucine-854 signals attachment of geranylgeranyl, a C2o-isoprenoid, which has beel 
shown necessary for rod outer segment membrane association of PDE (17). The biologica 
importance of geranylgeranylation has been demonstrated in choroideremia, an X-linkel 
degenerative retinopathy due to deficiency in the enzyme responsible for geranylgeranyla 
tion of the small GTP-binding protein Rab (22). The L854V replacement may alter post 
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translational prenylation to farnesylation. The consequences of this change in prenylation 
are not known, but are thought not to interfere with enzymatic activity. 

Ophthalmological Findings in a Patient with Autosomal Recessive 
Retinitis Pigmentosa and Mutations in the ~PDE Gene 

Patient no. 147 is a 19-year-old female first diagnosed as having RP at the age of 12. 
Her night vision has been impaired since she could remember. She got her first glasses 
because of hyperopia when she was about 1 year of age. From the age of 12, she has 
increasingly suffered from pathological glare sensitivity. So far, she has not noticed loss of 
visual acuity or visual field. In her family, nobody else has been reported to be affected by 
any kind of retinal degeneration. It is worth mentioning that the patient has been suffering 
from multiple atopic manifestations including asthma since the age of8, and from migraine 
since the age of 12 years. 

On ophthalmological examination, visual acuity in both eyes was 20/40 with a 
refractive error of OD +4.25 comb. -2.25 cyl. axis 20° and OS +4.0 comb. -2.0 cyl. axis 
165°. Reading ability was good. The patient had a microstrabismus of the left eye. Anterior 
segments and intraocular pressure were normal, no significant cataract could be observed. 

On funduscopy, the optic discs were only mildly atrophic and retinal arterioles only 
moderately attenuated. The posterior pole showed absence of the foveolar reflex and 
wrinkling of the inner limiting membrane. There was a diffuse atrophy of the pigment 
epithelium at the unusually bright fundus. Only a few bone spicules were present and located 
at the superior and temporal part of the midperipheral retina. The fundus picture was quite 
symmetric. 

The desaturated Farnsworth D-15 test revealed normal colour vision in both eyes. 
Kinetic perimetry (Tubinger perimeter, 30' and 10',314 cd m-2-target) in the right eye showed 
a mild peripheral constriction at the nasal-inferior part of the visual field with some additional 
losses within the remaining field. In the left eye, there was an additional Joss in the superior 
visual field. The overall sensitivity was reduced, the 10' -target showed a nearly symmetric 
constriction. There has been a moderate progression of the visual field loss within the last 3 
years. 

Rod sensitivity was determined after 30 minutes of dark adaptation with a 106' 
stimulus of the Tubinger perimeter. Stimulus location was 20° nasally on the horizontal 
meridian. Rod threshold was elevated by about 2.4 log units indicating a remaining adapta
tion capability of about 1.5 log units, contributed mainly by cones. 

Rod-ERG-amplitudes were largely reduced but still detectable (about 10 !l Von both 
sides). The photopic 30-Hz flicker response, which reflects cone activity, was also reduced 
with amplitudes of about 20% of the normal mean in both eyes. 

In summary, the patient shows a typical form of a rod-cone degeneration. At the age 
of 19 years, cone function was preserved quite well. 

A detailed ophthalmological description of the phenotype of patient no. 167 was 
unavailable. 

CONGENITAL STATIONARY NIGHT BLINDNESS 

Night blindness is a frequent and early symptom in retinal dystrophies, possibly 
reflecting the progressive disintegration of photoreceptors. However, congenital stationary 
night blindness(CSNB) is a separate, clinically and genetically heterogeneous condition, not 
accompanied by retinal dystrophy, and considered a pure functional defect. Recently, two 
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different heterozygous missense mutations of the rhodopsin gene have been identified in two 
patients/families with congenital night blindness (23,24). Data of in vitro experiments 
suggest that the predicted amino acid substitutions (Gly90Asp and Ala292Glu) interfere with 
the formation of the salt bridge between residues Lys296 and Glu113 which stabilizes opsin 
transiently lacking its chromophore and keeps free opsin in an inactive conformation (24). 

We have studied a large Danish family first described by Rambusch in 1909 (26), in 
which autosomal dominant CSNB is segregating. Both linkage to the rhodopsin locus and 
the presence of a disease related mutation in the rhodopsin gene have been excluded. In 
contrast, close linkage has been found between the locus for adCSNB and polymorphic DNA 
loci from distal 4p (27, and unpublished data). Subsequently, a heterozygous missense 
mutation (CAC~AAC, 777C~A) predicting the replacement of histidine-258 by 
asparagine (His258Asn, H258N) has been identified in the ~PDE gene which showed a 
perfect cosegregation with the disease phenotype (with a maximum lod score of22.6 at theta 
= 0.00; ref. 3). Although histidine-258 is a residue that is absolutely conserved in various 
photoreceptor PDEs during evolution, a direct proof of the pathogenic nature of the H258N 
exchange is still missing. Therefore, the identification of additional families with adCSNB 
and mutation in the ~PDE gene is of great interest. Here we report the identification of two 
further Danish pedigrees with adCSNB and the His258Asn mutation. 

His258Asn Mutation of ~PDE in Two Danish Kindreds with Autosomal 
Dominant Congenital Stationary Night Blindness 

We have identified two subjects with the clinical, electrophysiological, and psycho
physical features typical for CSNB. 

Proband I is a 41-year-old male with congenital stationary night blindness. He 
belongs to a large 8-generation adCSNB family with 41 recorded night blind members. The 
pedigree has been traced back to 1760 without finding a link to the 'Rambusch pedigree' for 
(at least the last) 6 generations. 

Proband 2 is a 26-year old male. Congenital night blindness was a common feature 
in many of his relatives including his father, paternal grandfather and greatgrandmother 
suggesting an autosomal dominant inheritance of the trait (for further details see ref. 28). As 
the 'Rambusch family' originated from a region that is about 200 km north from the residence 
of the proband's family, it is likely that the two families are related to each other. Neverthe
less, a direct link to the' Rambusch pedigree' could not be established by genealogical studies 
on the last 6 generations of the proband's family for which reliable data were available. 

As discussed before, the human ~PDE gene contains a great number of nonpatho
genic sequence variants (see Table I). Due to this fact, each person carries an individual 
combination of these polymorphisms. This 'fingerprint' (haplotype) is a very stable and 
heritable feature which can be used for pedigree analysis. Assuming that the families of the 
two probands belong also to the 'Rambush pedigree', all night blind members in the three 
families should share the same haplotype of DNA sequence variants of the ~PDE gene. 

Table 4. Results of pairwise linkage analysis between the loci for autosomal dominant 
congenital stationary night blindness and the p-subunit of the rod cGMP-specific 

phosphodiesterase (777C~A) in the extended Danish pedigree 

8m ax 

0.00 

z(8max) z(O.OO) 

28.615 28.615 

z(0.05) 

26.388 

z(O.IO) 

24.045 

z(0.20) 

18.957 

z(0.30) 

13.245 

z(OAO) 

6.829 
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We have genotyped probands 1 and 2 together with two night blind members (mother 
and son) of the 'Rambusch family' for the 11 DNA polymorphisms given in Table 1. Although 
the allele combinations carried by the four individuals were somewhat different for the 11 
polymorphisms analysed, all four shared one haplotype (data not shown) suggesting that this 
allele originated from a common ancestor. Having this information, we designed a hypo
thetical extension of the 'Rambusch pedigree' by adding the families of probands I and 2. 
As genealogic studies excluded a relationship within the last six generations in both cases, 
for the sake of simplicity, we assumed that the three families were linked in the seventh 
generation. Using this extended pedigree, we reanalysed the linkage relationship between 
the C~A transversion at codon 258 and the CSNB phenotype. As shown in Table 4, a 
maximum lod score value of 28.615 was obtained at theta = 0.00 with a ± 1 lod unit 
confidence interval of 0.00-0.025. 

In conclusion, the extended linkage data make the ~PDE gene a strong candidate for 
adCSNB in the 'Rambush family'. Both the conservation ofhistidine-258 through evolution 
and the electrophysiological data obtained on patients with CSNB and the H258N mutation 
(see ref. 28) provide strong support for the hypothesis that the molecular defect responsible 
for CSNB is in the phototransduction cascade, i.e. at the photoreceptor level in this family. 
Nevertheless, as a direct proof of the pathogenic nature of H25 8N (by in vitro assays or in 
animal models) is still lacking, further genetic, biochemical, and electrophysiological studies 
are necessary to confirm the above hypothesis. 
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INTRODUCTION 

More than 3000 inherited disorders are known to afflict man. Amongst these, 372 
distinct entities are associated with choroidoretinal dystrophies, 104 of which are solely 
ocular (l). For most, little information is as yet available on the underlying genetic or 
biological deficit. Developments in molecular genetics are improving this situation. 
Recently a number of retinal dystrophies have been assigned to refined chromosomal 
loci and in some cases specific gene mutations identified. Dystrophies which exclusively 
or principally affect the macular region of the human retina are an important subgroup. 
Characteristically there is earlier onset loss of central acuity with color vision deficits. 
These conditions contribute significantly to the incidence of blindness in developed 
countries such as the USA and UK, especially for onset of blindness in childhood (2). 
Since some macular diseases share similar histopathologic and clinical features, elucida
tion of the precise pathogenic mechanisms in selected examples may indirectly shed light 
on the pathogenesis of others. Therefore, with the aim of identifying genetic loci important 
in the pathogenesis of macular disease in general, a molecular genetic study was under
taken in seven pedigrees expressing different phenotypes that principally affect macular 
function. 
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PATIENTS AND METHODS 

Clinical Studies 

Seven families (I-VII), large enough for molecular genetic analysis and expressing 
autosomal dominant phenotypes with predominant macular dysfunction, were identified. 
Local Ethical Committee approval was obtained prior to enrolment into the study. All had 
undergone detailed clinical assessment prior to molecular genetic analysis. Examinations 
included standard visual acuity assessment with a Snellen chart, Farnsworth-Munsell 100-
hue color vision testing and visual field assessment using a Humphrey automated perimeter. 
In addition, selected affected members of each family had undergone electrophysiological 
examination and fundus fluorescein angiography. Detailed phenotypic descriptions are 
presented elsewhere (3-6). 

Genotyping and linkage analysis 

Genomic DNA was extracted from peripheral blood lymphocytes. 100ng aliquots 
were radioactively genotyped using highly polymorphic microsatellite repeat markers as 
previously described (7). Radioactive PCR products were fractionated by 6% denaturing 
polyacrylamide gel electrophoresis, dried and autoradiographed. 

The LINKSYS information management package version 3.1 (8) was used to prepare 
data for linkage analysis. Two-point lodscores were obtained using the MLINK subprogram 
of LINKAGE program version 5.1 (9). Simulated multipoint analysis was undertaken using 
FASTMAP (10). Allele frequencies were calculated using information from PCR products 
of spouses within the families. 

TIMP3 Exon 5 Sequencing 

Two mutations, Tyrl68Cys and Ser 181 Cys, in exon 5 of the TIMP3 gene on 
chromosome 22q have been shown to segregate with disease in two different Sorsby's 
Fundus Dystrophy pedigrees. To assess whether similar mutations occur in pedigrees I-IV, 

I 

II 

III 

IV 

V 

Figure 1 () Sorsby's Fundus Dystrophy () Periodontitis 

Figure 1. Family II, showing segregation of ocular phenotype with juvenile periodontitis. 
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genomic DNA was amplified using intronic primers known to flank exon 5 (supplied by B. 
Weber). PCR products were sequenced using the dideoxy nucleotide chain termination 
method and internal sequencing primers (II). 

Myotonic Dystrophy Molecular Diagnosis 

A CTG repeat sequence which is highly polymorphic in the normal population 
undergoes extensive expansion in myotonic dystrophy patients. To detect this repeat expan
sion in family III, 100ng samples of DNA were radioactively amplified by the polymerase 
chain reaction (PCR) using oligonucleotides 101 and 102, with standard PCR cycling 
conditions at an annealing temperature of 62°C (12). Radiolabelled products were separated 
on 6% denaturing polyacrylamide gels and detected by autoradiography. Unaffected indi
viduals have between five and 27 copies. Myotonic dystrophy patients have expansion of 
the repeat containing region from 50 to several hundred repeats. 

RESULTS 

Families I-IV, Sorsby's Fundus Dystrophy 

Four families expressing clinical and fundus-fluorescein angiographic features of 
Sorsby's fundus dystrophy were studied. Delayed choriocapillary filling on angiography was 
seen in younger affected members which had progressed to subretinal neovascularisation 
with a precipitous fall in visual acuity in older affected individuals. Previous histologic 
studies had identified deposition of confluent subretinallipid-containing material at the level 
of Bruch's membrane as pathonomonic of the condition (13). 

Family II and III were found in addition to express non-ocular phenotypes. A localised 
juvenile periodontitis (II) and myotonic dystrophy (III, confirmed on molecular genetic 
testing) were diagnosed and seemed to segregate with the eye condition (Fig I). Significant 
linkage to the previously identified chromosome 22q locus was obtained in pedigrees I and 
II (Table la) (11). Insufficient DNA samples were obtained from family III and IV for linkage 
analysis. The identification of a number of critical recombinants in pedigree I has allowed 
for the refinement of this assignment to an 8cM region bounded by D22S275 and D22S278 
(14). Direct sequencing of ex on 5 ofTIMP3 in families I-III identified Serl81 Cys mutations 
segregating with disease. No mutation was identified in family IV, in particular mutations at 
co dons 168 and 181 were specifically excluded. 

Family V, Cone-Rod Retinal Dystrophy 

A large, 8 generation family expressing an autosomal dominant retinal disease 
classified as a cone-rod retinal dystrophy from electroretinographic changes was studied. 
The phenotype presents with a severe visual acuity loss before 4 years of age progressing to 
no light perception in the fifth decade of life (4). Linkage analysis had refined the genetic 
locus to a 5 cM region on chromosome 19q 13 .3-13.4 flanked by D 19S219 and D 19S246 
(15) Three previously unavailable micro satellite markers have been localised to this region. 
Each was used to genotype members of pedigree V and lod scores calculated (Table la). The 
critical recombinants identified by D 19S219 and D 19S246 were not recombinant with these 
markers although all were fully informative for these individuals. Simulated multipoint 
analysis with a I-lod confidence interval however suggested that the disease locus is most 
likely to be in the distal 1.5cM of the region (Figure 2). 
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Table la. Two-point lod scores for markers mapping to known candidate loci in 
families I,n, V-VII 

Recombination fraction 

Family Marker Disease locus 0.0 0.1 0.2 0.3 Zmax 8max 

I D22S275 SFD -inf 3.8 3.21 2.23 3.83 0.08 
D22S280 7.09 5.84 4.46 2.94 7.09 0.00 
D22S281 6.19 5.03 3.77 2.43 6.19 0.00 
D22S278 -inf 1.52 1.33 0.75 1.52 0.01 

II D22S280 SFD -inf 0.08 0.39 0.35 0.40 0.23 
D22S281 -inf 1.15 0.96 0.62 1.15 0.01 

D22S278 1.20 0.90 0.61 0.34 1.20 0.00 

V DI9S219 CRD -inf 7.24 5.69 3.87 7.92 0.03 
DI9S606 8.19 6.62 4.99 3.30 8.19 0.00 

AFMa283yhl 15.91 13.17 10.15 6.81 15.91 0.00 

D19S604 15.35 12.78 9.94 6.80 15.35 0.00 

DI9S246 -inf 11.72 9.17 6.24 13.11 0.02 

SFD=Sorsby's fundus dystrophy, CRD=cone-rod dystrophy, NCMD=North Carolina 
macular dystrophy, CMO=dominant cystoid macular dystrophy, MD=macular dystrophy, 
AVMD=atypical vitelliform macular dystrophy 
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Figure 2. Simulated multipoint linkage analysis in family V 
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Table lb. Two-point lod scores for markers mapping to known candidate loci in 
families I,ll, V-VII 

Recombination fraction 

Family Marker Disease locus O.OS 0.10 0.20 0.30 Zmax Exclusion 

VI DIS207 Stargardt's -1.9 -1.0 -0.4 0.1 0.06 4 
RDS MD -2.9 -1.6 -0.6 -0.1 9 

D6S294 0.3 0.5 O.S 0.3 0.51 <I 
D6S252 NCMD 0.8 0.9 0.7 0.4 0.92 <I 
D6S251 -1.9 -0.9 -0.2 0.1 0.06 4 
D7S493 CMO -2.7 -1.6 -0.7 -0.2 9 
D7SS16 0.1 0.6 0.9 0.6 0.90 I 
D8S272 AVMD -9.5 -5.5 -2.2 -0.8 21 
DIIS527 Best's disease -2.5 -1.3 -0.3 0.0 0.10 8 
DIIS956 0.3 O.S O.S 0.3 0.60 2 
DI3S173 S targard t' s -2.6 -1.5 -0.5 -0.1 8 
DI9S219 CRD -2.5 -1.4 -0.5 -0.1 8 
DI9S246 -1.1 -0.9 -0.6 -0.3 

VII DIS207 S targard t' s -1.8 -1.1 -0.4 -0.2 4 
RDS MD -1.8 -0.5 -0.1 0.1 0.09 3 

D6S252 NCMD -1.2 -0.5 -0.3 -0.1 2 
D6S251 -2.5 -1.4 -0.5 -0.1 8 
D6S268 Stargardt's -2.8 -1.5 -0.4 0.0 0.07 7 
D7S493 CMO -2.S -1.6 -0.6 -0.2 8 
DSS272 AVMD -8.2 -4.7 -1.9 -0.7 15 
DIIS527 Best's disease -4.6 -2.7 -1.2 -0.5 14 
Dl3S173 Stargardt's -2.4 -1.2 -0.3 0.0 0.07 6 
DI9S219 CRD -2.7 -1.4 -0.4 0.0 0.05 7 
D22S281 SEll _1 ~ -08 -02 00 003 3 

SFD=Sorsby's fundus dystrophy, CRD=cone-rod dystrophy, NCMD=North Carolina 
macular dystrophy, CMO=dominant cystoid macular dystrophy, MD=macular dystrophy, 
AVMD=atypical vitelliform macular dystrophy 

Two potential candidate genes for cone-rod retinal dystrophy have been mapped to 
chromosome 19q. A voltage-gated potassium channel gene, K v3.3 has mapped to chromo
some 19q 13.3. Such cation channel genes have been shown to be present in adult mouse 
retina (16,17). In addition a novel retina-specific homeobox gene has been mapped to the 
19q (R. McInnes, personna I communication). Future work will focus on mutation detection 
of these candidates. 

Families VI and VII, Macular Dystrophy Simulating North Carolina 
Macular Dystrophy 

A variable phenotype was seen in family VI who were of Indian origin. Clinical 
features similar to those seen in fundus flavimaculatus, pattern dystrophy and dominant 
drusen were seen in different affected individuals. One individual had a fundus appearance 
and symptoms similar to those seen in stage 3 North Carolina macular dystrophy (NCMD) 
(5,18). Family VII expresses a variant of central areolar choroidal dystrophy. A number of 
affected individuals had features similar to stage 3 NCMD and it has been suggested that 
central areolar choroidal dystrophy is a type of NCMD (6). Although electrophysiologic 
abnormalities (VI and VII) and progression of retinal pathology (family VII) differentiate 
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Table 2. Known chromosomallocalisations of retinal dystrophies that principally affect the 
macula. For abbreviations see legend of Table 1 

Genomic Genomic 
Dystrophy locus Dystrophy locus 

Stargardt's macular dystrophy (20) Ip21-13 Best's disease (26) Ilq 13 
Macular dystrophy (21) 6p21 Stargardt's macular dystrophy 13q34 

(27) 
Stargardt's macular dystrophy (22) 6qll-15 Cone-rod dystrophy (2S) 17qll 
NCMD (IS) 6q14-16 Cone-rod dystrophy (29) ISq21 
Cone dystrophy (23) 6q25-26 Cone-rod dystrophy (15) 19q13 
Cystoid macular dystrophy (24) 7p15-21 Sorsby's fundus dystrophy (II) 22ql3-qter 
AVMD (25) Sq24 Cone dystrophy (30) Xp21-11 

these phenotypes from that attributed to North Carolina macular dystrophy, the possibility 
that these conditions are allelic remained. 

In both pedigrees, significant linkage to the NCMD locus on chromosome 6q (19) 
was excluded. In addition, linkage to loci associated with other retinal dystrophies princi
pally affecting the posterior pole on 1 p (20), 6p (21), 6q (22-23), 7p (24), 8q (25), llq (26), 
13q (27), 19q (15) and 22q (11) were excluded (Table 1 b). These two families therefore 
represent new dominantly inherited macular dystrophies with features of a number of 
diseases which have already been genetically assigned, illustrating genetic and phenotypic 
heterogeneity in macular disease. 

DISCUSSION 

A number of chromosomal loci identified by genetic linkage analysis in pedigrees 
expressing retinal dystrophies that principally affect the macular are now known (Table 2). 
Linkage analysis in other pedigrees (e.g. families VI and VII) has suggested that even more, 
important loci await identification. In addition, mutations of specific genes are being 
identified, in particular mutations of peripherin/rds and TIMP3. As work on other linked 
pedigrees progresses, (e.g. family V), new candidate genes will be highlighted. Our studies 
in families I-III imply a founder effect in most families with Sorsby's fundus dystrophy in 
the UK. Exclusion ofTIMP3, codon 168 and 181 mutations in pedigree IV however suggests 
that this is not true for all families and other TIMP3 mutations or mutations in other genes 
may also be responsible. The association with non-ocular disease in family III was most 
likely coincidental. However TIMPI mutations have previously been identified in individu
als with periodontal disease (31). Further clinical studies in family II may therefore also 
prove a role for TIMP3 mutations in periodontitis. 

A number of epidemiological investigations, retrospective surveys (32), twin studies 
(33) and case control studies (34,35) have suggested a genetic influence in age-related 
macular degeneration. One approach to identifying important predisposing genetic muta
tions for this condition may be the screening of genes identified by linkage analysis in 
families expressing macular dystrophies. Therefore future studies on retinal dystrophies that 
principally affect the macula will not only shed light on the aetiology of retinal diseases 
inherited as classical mendelian traits but may also identify the genomic loci of the most 
important candidate genes predisposing to this commoner cause of blindness in adults in 
developed countries. 
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A bovine glutamic acid rich protein (garp) was first reported as a soluble protein of 
unknown function which copurified with cGMP phosphodiesterase from rod outer segments 
(I). Characterization of bovine retina eDNA clones encoding garp identified a 65 kD protein 
with a high overall glutamate composition (24%), including one 109 amino acid domain near 
the C-terminus especially enriched (68/109 residues) in glutamate. This domain contained 
four repeats of a glutamate-rich 11 amino acid residue sequence (undecapeptide) and two 
repeats of a 26 amino acid peptide also rich in glutamic acid. Antibodies against a decamer 
corresponding to the undecapeptide from the glutamate rich region recognized a 65 kD 
protein in crude rod outer segment extracts. Northern analysis of poly A + RNA from a variety 
of bovine tissues identified a 2.4 kb transcript only in the retina sample, suggesting that the 
expression may be retina-specific. More recently it was shown that garp is part of the 240 
kD integral membrane protein complex that forms part of the cGMP-gated cation channel 
of bovine rod outer segments, thus identifing it as a third subunit (y) of the channel (2). 

The photoreceptor cGMP-gated cation channel, an integral component of the visual 
transduction cascade, was first isolated as a 63 kD polypeptide (now termed a) and 
functionally reconstituted into proteoliposomes (3). The cDNAs encoding the bovine (4), 
mouse and human (5) a subunits have been cloned and sequenced, and the bovine protein 
functionally expressed in Xenopus oocytes (4). The human a gene has also been charac
terized and localized to chromosome 4 (5,6), and defects in this gene responsible for certain 
forms of autosomal recessive retinitis pigmentosa have recently been reported (7). A second 
subunit (~) has been identified that does not form functional channels alone (8), but when 
coexpressed with the a subunit introduces the rapid channel flickerings and confers sensi
tivity to the calcium channel blocker cis-l-diltiazem, which are characteristics of the native 
channel (8). Bovine garp (y) is covalently linked to the 13 subunit, comprising a 240 kd 
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complex that associates with the a subunit to form the native channel (2). Immunological 
analysis of purified human cation channel also identified two polypeptides of 63 and 240 
kD, however, while it was demonstrated that the 63 kd protein is the bovine a homolog, and 
that the 240 kd polypeptide consists in part, of the p subunit, the complete composition of 
the complex was not established (9). In this chapter, we report on the characterization of the 
GAR I gene encoding the human homolog of bovine y, and discuss its potential as a candidate 
gene for retinal degenerations. 

II. PRIMARY STRUCTURE AND GENE ORGANIZATION OF 
HUMANGARI 

The conceptual amino acid sequence for human garp has been reported from cDNA 
cloning and DNA sequence analysis (10). Figure I shows the nucleotide and conceptual 
amino acid sequence deduced from cDNA clones and primer extension. The cDNA contains 
a coding region of897 nucleotides, corresponding 'to 299 amino acid residues. Additionally, 
the sequence contains 68 and 697 bp of un translated region at the 5' and 3' ends respectively. 
The 3' untranslated region contains a putative polyadenylation signal beginning at nt 1541 
and an Alu-like repetitive element at nt 1197-1318. PCR analysis of human first strand cDNA 
with an anchoring primer indicates that the 3' untranslated region is complete. 

The primary structures of human and bovine garp show only a moderate degree of 
overall homology (60%, excluding gaps), however areas of much higher homology exist 
(Figure 2). Comparison of the predicted protein sequences displayed 90% identity within 
the first 31 amino terminal residues. Since this sequence does not demonstrate any of the 
characteristics of known leader sequences, it is likely to be present in the mature proteins. 
No significant homologies to any other proteins were identified in the current SwissProt 
protein database. Kyle-Doolittle hydropathy index analysis indicated an absence of trans
membrane domains in human garp, consistent with the observation that bovine garp was 
initially isolated as a cytosolic protein (I). The human and bovine proteins are both rich in 
glutamate residues, leading to similar pIs for the two proteins (4.3 and 3.8, respectively). 
Thus, while the human protein is much smaller than the bovine protein, and lacks the 
C-terminal glutamate rich region, they are clearly homologous. Northern analysis of human 
retinal RNA identified a transcript of 2.0 kb, slightly shorter than that reported for bovine 
garp (10). Exhaustive screening of a human retinal cDNA library (gift of J. Nathans) with 
probes that amplified the bovine glutamate rich segment failed to yield any clones. These 
results suggest that a longer homolog may not exist in human retina, and that the protein 
encoded by the GARI gene is the y subunit of the rod cation channel. 

In order to further confirm the cDNA sequence of human garp, and to determine the 
intron/exon organization of the gene for candidate gene screening, clones were isolated from 
a human genomic library constructed in AEMBL-3. Analysis of overlapping clones revealed 
the presence of II introns and 12 exons that span the protein coding region (Figure I). 
Characterization of the upstream region is currently in progress. 

III. POSSIBLE FUNCTIONS OF THE y SUBUNIT 

The role of the y subunit in channel function is unknown. However, amino 
acid sequence analysis revealed that the protein contains nine potential phosphorylation 
sites, making it possible that phosphorylation of the y subunit could be involved in 
regulation of the cation channel's activity. This would be consistent with the studies 
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AAGATTTAGGCTAGACAGCAGGACTTACCCCCAGAGGGCTGTGGAAAAGGCCCATAGCCG 1200 
GGCGTGGTGGCTCACGCCTGTAACCCCTGACCTTTGGGAAGCCAGGGTCGGAAGACTCTC 1260 
TTGAGCCCCGAAGTTCGAGACCACCGTGGGCAACACAGTGAGCCCTGTCTCTAAAAAACC 1320 
TTTTTTAAATTAATAAATTAAAAAGCCCCATGGATGGAGGACTCAGTATTGAGCATCTCT 1380 
TTGAGAGGACGCGTGCACAGCCCCCAGTGTGGTACCTGGCACCGTCAGCACCTCGACAGG 1440 
ATACAGTTTTTCCCAGAAGAGGTTCTCCCTAGGCCTGGCCACACTCTCTCCTTCCAAGGC 1500 
TTGGGGACACCAATGAGCAGCAACAAATGTTTTCATTAACATTAAAAGAGTGTAAATGAG 1560 
CACATCAAAAAAAAAA-1576 ---

Figure 1. Structure and sequence of human cGMP-gated cation channel y subunit. In frame stop codons (*) 
that delimit the open reading frame are marked below their site of occurrence. Nucleotides are numbered 
starting with the predicted initiation codon ATG as I. A likely poly A site is underlined. Boxes indicate the size 
and location of introns in the genomic clones. 
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Human -MLGWVQRVLPQPPGTPRKTKMQEEEEVEPEPEHEAEVEPEPNPEEAETES-50 
:::::::::::::::: ::: :::: ...... . ... . 

Bovine-MLGWVQRVLPQPPGTPQKTK-QEEEGTEPEPELEPK--PETAPEETELEE-47 

Human -ESMPPEESFKEEEVAVADPSPQETKEAALTSTISLRAQGAEISEMNS-PS-99 
::::: ... ::::::: .... ::: 

Bovine-VSLPPEEPCVGKEVAAVTLGPQGTQETALTPPTSLQAQVSVAPEAHSSPR-97 

Human -HRVLTWLMKGVEKVIPQPVBSITEDPAQILGHGSTGD-----------TG-138 . . . .. ...... ... .. . . . . . . . .. ...... ... .. . . . . 
Bovine-GWVLTWLRKGVEKVVPQPAHSSRPSQNlAAGLESPDQQAGAQILGQCGTG-147 

Human -CTDEPNEALEAQDTRPGLRLLLWLEQNLERVLPQPPKSSEVWRDEPAVAT-188 
.... :: .. ::: ::::: :::::::: ::::: : 

Bovine-GSDEPSEPSRAEDPGPGPWLLRWFEQNLEKMLPQPPKISEGWRDEP---T-194 

Human -GAASDPAPPGRPQEHGPKLQARETPSLPTPIPLQPKEEPKEAPAPEPQPG-238 . .. .. . .... . . . .. . . . .. . . . .. .. . .... .. .. . . . .. . 
Bovine-DAALGPEPPGPALEIKPMLQAQESPSLPAPGPPEPEEEPI----PEPQPT-240 

Human -SQAQTSSLPPTRDPARLVAWVLHRLEHALPQPVLHGKIGEQEPDSPGICD·· 2 8 8 ..... . . . . . . ... .. . .......... . . ... .. . .......... . .. .... . . .. .... . . 
Bovine-IQA--SSLPPPQDSARLMAWILHRLEHALPQPVIRGKGGEQESDAPVTCD· ·288 

Human -VQTRVMGAGGL ... . . . -299 

Bovine-VQTISILPGEQEESHLILEEVDPBWEEDEHQEGSTSTSPRTSEAAPADEE-338 

Bovine-KGEVVEQTPRELPRIQEEKEDEEEEKEDGEEEEEEGREKEEEEGEEKEEE-388 
Bovine-EGREKEEEEGEKKEEEGREKEEEEGGEKEDEEGREKEEEEGRGKEEEEGG-438 
Bovine-EKEEEEGRGKEEVEGREEEEDEEEEQDHSVLLDSYLVPQSEEDQSEESET-488 
Bovine-QDQSEVGGAQTQGEVGGAQALSEESETQDQSEVGGAQDQSEVGGAQAQGE-538 
Bovine-VGGAQEQDGVGGAQDQSTSHQELQEEALADSSGGSFQMSPFEALQECEAL-588 
Bovine-KR -590 

Figure 2. Amino acid sequence comparison of human and bovine y subunits. Identical residues are indicated 
by:. Numering is according to Figure I for the human sequence, and according to Sugimoto, et al. for bovine 
(I) . Gaps were introduced to yield optimal alignment. The undecapeptide glutamate rich repeat used for 
generation of polyclona\ antibodies is underlined. 

on excised frog photoreceptor membrane patches which indicated that phosphorylation 
of the channel may occur at two distinct sites (11). Since studies with the a and ~ 
subunits of the channel revealed that only the a subunit could be phosphorylated (12), 
it is reasonable to propose that the y subunit could provide a second phosphorylation 
site. 

Another possible role for the y subunit arises from the observation that garp cONA 
clones were orginally isolated from an expression library screened with an antibody gener
ated from highly purified preparations of cGMP phosphodiesterase. This finding suggests 
that garp may tightly associate with the POE, and is intriguing in view of the report that POE 
can directly activate the cation channel in excised patches of bovine rod outer segment 
membranes (13). Hence, it is possible that POE directly activates the channel via the y 
subunit. 

Alternatively, because garp is a highly acidic polypeptide (pI=4.3 in human) and 
the a subunit of the channel contains a domain highly enriched in basic residues, it is 
possible that interaction with the acidic garp acts to form a gate for ion flow. Another 
possibility is that due to garp's homology to neurofilaments (see below), it may act as 
part of a cytoskeletal system that helps to anchor the channel in the rod outer segment 
plasma membrane. 
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Figure 3. Immunocytochemistry of bovine retina sections with anti-garp polyclonal antibody. a, light mi
crograph of paraffin embedded retina. H&E stain, x80. ROS = rod outer segments, RIS = rod inner segments, 
ONL=outer nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer. IPL=inner plexiform layer. 
GCL=ganglion cell layer. b, Retinal section labeled with a I: 100 dilution of anti-garp polyclonal antibody. or 
c, the preimmune sera. The sections were stained using the Vector ABC biotinylation kit as per manufacturer's 
instructions (Vector Laboratories). x80. Note marked labelling of the inner plexiform layer. 

IV. POLYCLONAL ANTIBODIES TO THE BOVINE GAR PROTEIN 

Antipeptide antibodies serve as valuable probes of protein structure and cellular 
location. Previously, Sugimoto et. al. generated polyclonal antibodies against a de
capeptide corresponding to a repeated undecapeptide in the glutamate-rich C-terminal 
region of bovine garp, and demonstrated that this antibody positively recognized a 
65 kD protein in crude bovine ROS extracts (I). As the first step in determining if a 
closer homolog to bovine garp exists in human retina (one which contains the glutamate 
rich repeat), we performed control immunocytochemistry experiments with bovine 
retinal sections (Figure 3). Surprisingly, intense staining of only the inner plexiform 
layer was observed, with no staining of the photoreceptors. No labeling was seen 
when pre-immune sera was used as a control. Since the cGMP-gated cation channel 
has been shown to localize exclusively to the plasma membrane of photoreceptors 
(14), it was necessary to determine what protein was being recognized in the inner 
plexiform layer. A search of the SwissProt data base for proteins with homology to 
the peptide used to generate the antibody revealed that mammalian neurofilament L 
(NF-L) shared significant homology with the garp epitope. To test if the antibody 
cross-reacts with NF-L present in the nerve axons of the inner plexiform layer, Western 
analysis was performed with purified total neurofilaments (NF-L, NF-M, and NF-H, 
Figure 4). The antibody selectively recognized NF-L under the conditions employed. 
No cross reactivity was observed when the primary antibody was omitted. These 
results suggest that the garp epitope may be masked in photoreceptors, and they further 
indicate that this antibody cross reacts with NF-L. Therefore, any results obtained 
with the garp antipeptide antibody should be interpreted in light of these new findings. 
We are currently trying to develop antibodies against other epitopes that should rec
ognize both human and bovine garp. 
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Figure 4. Western blots of total purified neurofilaments. Five hundred 
nanograms of total neurofilaments (NF-L, -M, and -H) were separated by 
SDS-PAGE. Immunoblotting was performed with a 1 :50.000 dilution of garp 
antisera. Antibody binding was then detected using horseradish peroxidase-con
jugated goat anti-rabbit IgG (Sigma) and the ECL chemiluminescence detection 
kit (Amersham). 

v. CHROMOSOME MAPPING OF HUMAN GAR! 

As a component of the photo transduction cascade, the gene encoding the y subunit 
of the rod cGMP-gated cation channel is a candidate for retinal degenerations. To determine 
if the gene is located in the region of any known retinal disease loci, we first performed 
chromosome localization. peR of a panel of human/rodent somatic cell hybrids (BIOS 
Corp.) was performed using a primer pair that amplifies a 2.8 kb segment, including the first 
(2.6 kb) intron. While at least three discordancies were observed with every other chromo
some, perfect concordance was only observed with chromosome 16 (Figure 5), thus indicat
ing that the GARI locus resides on chromosome 16, making it the first photoreceptor gene 
mapped to this chromosome. 

Since highly homologous mRNAs for cyclic nucleotide gated channels have been 
reported in several tissues, including retina and kidney (15), it is reasonable to suggest that 
defects in the protein product of the GARI gene could produce pleiotropic effects, including 
retinal degeneration and neuropathy. One such disorder is Bardet-Biedl syndrome, a multi-

hybridization! Chromosome number 
chrormsome 

1 2 3 4 5 6 7 8 9 \0 1\ 12 \3 14 15 16 17 18 19 20 21 22 X Y 
+/+ 0 0 I 0 2 0 0 1 0 I 0 0 0 0 0 2 0 0 0 0 0 0 0 0 
-/- 19 21 20 21 3 19 21 19 19 21 20 19 17 16 20 22 21 19 16 20 16 19 20 19 
+/- 2 2 I 2 0 2 2 1 2 1 2 2 2 2 I 0 2 2 2 2 2 2 2 2 
-/+ 3 1 3 2 20 4 2 4 3 2 3 4 6 7 3 0 2 4 7 3 7 4 3 4 

discordant 5 3 4 4 20 6 4 5 5 3 5 6 8 9 4 0 4 6 9 5 9 6 5 6 
hybrids 
InfOffilllUvc 24 Z4 z:l z:l z:l ZJ ZJ z:l 24 ZJ ZJ Z:; z:l Z:; Z4 24 ZJ ZJ z:l Z:; ZJ ZJ ZJ ZJ 
hybrids 

Figure 5. Chromosome localization of human GAR 1 gene in human/hamster somatic cell hybrids. The number 
of hybrids which are concordant (+1+ or -1-) and discordant (+1- or -1+) with the human y sequence are given 
for each chromosome. Hybrids for which a particular chromosome was present in less than or equal to 10% of 
cells were excluded from consideration. 
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systemic disorder primarily characterized by severe retinitis pigmentosa, renal abnormali
ties, obesity, polydactyly and/or syndactyly and sometimes mental retardation and other 
systemic abnormalities (16). Due in part to the heterogeneous nature of this disorder, the 
precise molecular defect(s) are not known. It has been shown, however, that Bardet-Biedl 
syndrome transmits as an autosomal recessive trait, of which one form is linked to chromo
some 16. Our finding that the y subunit of the rod cation channel is localized to the same 
chromosome makes GAR 1 an excellent candidate for this disease. Studies are currently 
underway to determine if a defect in this gene is involved in the etiology of Bardet-Biedl 
syndrome. 
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Vertebrate photoreceptors respond to light by a transient hyperpolarization of the 
plasma membrane. Hyperpolarization is achieved when cGMP-gated cation channels, lo
cated in the plasma membrane, are closed after hydrolysis of the gating ligand, cGMP (1,28). 
To re-open the channels, a prerequisite to return photo receptors to the dark-adapted state, 
cGMP has to be produced at an accelerated rate by a guanylate cyclase (GC). As shown by 
numerous electrophysiological and biochemical experiments, activation of GC is regulated 
by Ca2+ ions. 

In dark-adapted rod photoreceptor outer segments, cytoplasmic cGMP levels are high 
(-5 flM (2)), cGMP phosphodiesterase (POE) activity is low, and about I -5% of cGMP-gated 
channels located in the plasma membrane are kept open. Influx of cations through the open 
channels maintains cytoplasmic free Ca2+ levels at - 300nM (12, 17) and photoreceptors 
depolarized. Illumination of rhodopsin triggers an enzymatic cascade which activates POE 
resulting in rapid hydrolysis of cytoplasmic cGMP (24) and closure of cGMP-gated cation 
channels (Fig. 1). The change in conductance hyperpolarizes the photoreceptor cell, which 
is the beginning of an electrical impulse to be sent to the brain. While cation channels are 
closed, the light-insensitive Na+/K+, Ca2+ exchangers, also located in the plasma membrane, 
continue to extrude Ca2+, and cytoplasmic free Ca2+ concentration drops. 

The drop in free Ca2+ after photobleaching is the signal for the photoreceptor GC 
(9,23) to accelerate the rate of cGMP synthesis. GC activation is mediated by a membrane
associated Ca2+ -binding protein termed guanylate cyclase activating protein (GCAP) (10). 
A second, less well characterized Ca2+-binding protein, termed p24, closely related to GCAP 
and to other Ca2+ -binding proteins of the calmodulin superfamily, has been shown to also 
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Figure 1. Signal transduction and recovery in rod photoreceptors. Only the key components of the pho
totransduction cascade (rhodopsin, transducin, cGMP phosphodiesterase, cGMP-gated channel) and their 
interactions are shown. The large black arrow symbolizes the recovery pathway consisting of activation of 
guanylate cyclase by GCAP in low Ca2+. The ROS disc membrane is viewed from the top, with part of the disc 
membrane surface shown in gray, the cytoplasm in white, the plasma membrane in dark gray, and the 
interphotoreceptor matrix in light gray. For simplicity, the activated PDE (PDP) is shown as a two subunit 
core, although PDE* may consist of a complex of PDE and transducin subunits, the GC is shown as a 
monomeric unit (the functional GC may be a homodimer), and the cGMP-gated channel as a heterodimer (the 
subunit distribution is not known). 

activate GC in low Ca2+ (3). While GCAP is present exclusively in photoreceptors, the 
cellular or subcellular distribution ofp24 is currently not known. In this chapter we review 
the properties and function of bovine GCAP, the primary sequences of vertebrate GCAPs, 
the human and mouse GCAP gene structures, and discuss implications for involvement of 
the GCAP gene in retinal disease. 

ISOLA TION OF BOVINE GCAP 

Two methods were developed to isolate GCAP either from ROS or from the retina. 
The first procedure is based on conventional column chromatography, the second on binding 
to immobilized monoclonal antibody. Briefly, in the first procedure (10), a ROS supernatant 
containing GCAP is prepared from ROS membranes by high speed centrifugation, dialyzed 
against water, and loaded on a DEAE Sepharose in the presence of 5 mM BTP (1.3 
bis[tris(hydroxymethyl)methylamino]propane), pH 7.5, and 100 mM NaC!. Bound proteins 
are eluted with a linear NaCI gradient (100 to 350 mM) in 5 mM BTP, pH 7.5 . Fractions that 
contain GCAP, eluting at 220 mM NaCI, are pooled and loaded on a hydroxylapatite column. 
GCAP is eluted with a linear gradient of KH2P04 (0 to 60 mM) and directly decreasing 
concentration of NaCI (from 100 to 0) in 10 mM BTP, pH 7.5 at 30 mM KH2P04 and 50 
mM NaC!. Fractions containing GCAP are mixed with acetonitrile to a final concentration 
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of 15%, and the sample is loaded on a C-4 HPLC column equilibrated with 30% acetonitrile 
in 5 mm BTP, pH 7.5. Finally, GCAP is eluted with a linear gradient of acetonitrile (30% to 
60%) in 5 mM BTP, pH 7.5. 

In the second, immunoaffinity procedure (II), a retinal extract containing GCAP is 
prepared (equivalent to 50 bovine retinas! 25 ml of water, containing I mM benzamidine) 
as described above. The extract is loaded onto an antibody-Sepharose column (Mab G-2; 
Ix2 cm) equilibrated with 10 mM BTP buffer, pH 7.5. The monoclonal antibody was raised 
against GST-GCAP fusion proteins expressed in E. coli and purified from inclusion body. 
The column is washed with 10 mM BTP buffer, pH 7.5, containing 200 mM NaCI, and then 
with 10 mM BTP, pH 7.5. GCAP is eluted with 0.1 M of glycine, pH 2.5, and immediately 
neutralized with I M Tris/HCI, pH 8.4. 

Biochemical Properties of native and expressed gcap 

Purified native GCAP is an acidic, soluble, but distinctly hydrophobic polypeptide 
with a mobility 20 kDa in SDS-PAGE in the presence ofCa2+ and 23-24 kDa in the presence 
of EGTA. The amino acid analysis (from the cloned cDNA, see below) indicates a larger 
than average distribution of hydrophobic amino acids. The hydrophobicity is further in
creased by heterogenous acylation of the N-terminal Gly. GCAP is a Ca2+ -binding protein, 
as demonstrated by Ca2+-sensitive changes in tryptophan fluorescence emission (22). GCAP 
is fairly stable when frozen in low ionic strength buffer, however, is very susceptible to 
denaturation when highly purified. GCAP can be expressed in bacteria either as a fusion 
protein with the C-terminal portion of glutathione S-transferase (GST), or as a nonfusion 
protein using pET vectors, but in either case is found to be stored in insoluble inclusion 
bodies and cannot be regenerated to biological activity. When expressed in insect cells using 
baculovirus transfer vectors, GCAP is soluble, identical to the native protein, and fully 
functional in terms of low Ca GC activation. 

PRIMARY SEQUENCES OF VERTEBRATE GCAPs 

An endlabelled degenerate oligonucleotide, reversely translated from a tryptic pep
tide sequence, was used as a probe to isolate several cDNA clones from a bovine retina library 
(22). The clones predict a GCAP polypeptide of 205 amino acid residues with a molecular 
mass of 23,524. The sequences of 17 tryptic peptides were identified in the deduced 
sequence, verifying the identity of the clones. The predicted amino acid sequence contains 
four EF hand motifs, three of which are most likely functional and capable of chelating Ca2+. 

Genomic Southern blotting of eight vertebrate species (human, monkey, rat, mouse, dog, 
cow, rabbit, chicken), probed with bovine GCAP under stringent hybridization conditions, 
indicated that the GCAP sequences are well conserved among various species. Cloning of 
human, mouse, frog and chicken GCAP (Fig. 2) showed that the sequence similarity at the 
amino acid level among mammalian GCAPs is higher than 90% (among vertebrate and 
mammalian species higher than 70%). The lengths of the five cloned GCAP sequences vary 
from 199 (chicken) to 205 (bovine, frog) amino acids. A C-terminal divergent domain 
containing insertions!deletions is responsible for the variation in length. The N-terminal 
halves of vertebrate GCAP sequences are unusually well conserved showing only very few 
non-conservative substitutions. As judged by peptide competition experiments, the N-termi
nal residues 2 - 57 are most likely involved in GC activation (22). 



342 W. Baehr et aI. 

Bovine 
Human 
Murine 
Frog 
Chicken 

Bovine 
Human 
Murine 
Frog 
Chicken 

Bovine 
Human 
Murine 
Frog 
Chicken 

Bovine 
Human 
Murine 
Frog 
Chicken 

EF1 
MGNIMDGKSVEELSSTECHQWYKKFMTECPSGQLTLYEFRQFFGLKNLSP sQY 
MGNVMEGKSVEELSSTECHQWYKKFMTECPSGQLTLYEFRQFFGLKNLSPSASQY 
MGNVMEGKSVEELSSTECHQWYKKFMTECPSGQLTLYEFRQFFGLKNLSPSASQY 
MGN ~DGKTVEELSATE[JHli3'tlYKKFMTECPSGQL~EFKQFFGLKNLSPAS~QY 
MGN '1DGKAVEELSATECHQ~]YKKrr~TECPSGQLTLYEFKQFFGLKNLSPSA~KY 

EF2 EF3 

VEQMFETFDFNKDGYIDFMEYVAALSLVLKGKVEQKLRWYFKLYDVDGNGCIDRD 
VEQMFETFDFNKDGYIDFMEYVA!JLSLVLKGKVEQKLRWYFKLYDVDGNGCIDRD 
VEQMFETFDFNKDGY I DFMEYV AALSLVLKGKVEQKLRvJYFKL YDVDGNGC I DRD 
IEQMFDTFDFNKDGYMDFMEYVAALSLVLKGKVEQKLRWYFKLYDVDGNGCID 
IEQMFETFDFNKDGYIDH1EYVAALSLVLKGKVDQKLRvlYFKLYDVDGNGCID 

EF4 
ELLTIIRAIRAINPCSDSTMTAEEFTDTVFSKIDVNGDGELSLEEFMEGVQKDQM 
ELLTII~~IRAINPCSDTTMTAEEFTDTVFSKIDVNGDGELSLEEFIEGVQKDQM 

ELLTIIRAIRTINP~SDSSMSAEEFTDTVFAKIDINGDGELSLEEFMEGVQKDQM 
ELL' lIKAIRAINI' I' ~TAEEFT[)O \IF'' KIDINGDGELSLEEFIEGVQKD~ 
EL IIKAIRAli' 1-1TAEEF IV . KIDINGDGELSLEEFMEGVQKEQV 

55 
55 
55 
54 
54 

110 
110 
110 
109 
109 

165 
165 
165 
163 
163 

205 
201 
202 
205 
199 

Figure 2. Amino acid sequence alignment of bovine, human, mouse, frog and chicken GeAP. Amino acids 
are depicted in single letter symbols. For best fit, several gaps were introduced (shown by hyphens). Residues 
printed in white on black are identical or represent conservative substitutions (L=I=V=M; Y=F; E=D; R=K). 
Deviating residues are shown in black on white. The four EF hand helix-loop-helix structures (EFI-4) are 
shaded. EF -I is thought to be unable to chelate Ca2+ 

GCAP IS A MEMBER OF A LARGE SUPERFAMILY OF 
Ca2+-BINDING PROTEINS 

GCAP is a novel member of the large and diverse superfamily of Ca2+ -binding 
proteins which includes calmodulin, parvalbumin, troponin C, calbindins, recoverin-like 
proteins, and many others (20). Sequence alignment with a limited number of Ca2+ -binding 
proteins (recoverin, frequenin, and calmodulin) shows up to 32 identically conserved amino 
acid residues, most of them grouped around the four EF hand structures (26). The sequence 
similarity between the two photoreceptor Ca2+ -binding proteins recoverin and GCAP is only 
approximately 36% even when conservative substitutions are taken into account. As an 
illustration, we computed a dendrogram in which vertebrate GCAPs and recoverins are 
compared. As shown in Fig. 3, GCAPs and recoverins form two related subfamilies contained 
within the calmodulin superfamily. 

GCAP FUNCTION 

The functional activity of GCAP is assayed utilizing the low Ca2+ v-stimulation of 
ROS GC (mol. mass 110,000). The GC stimulation in low Ca2+ by native and insect 
cell-expressed GCAP is approximately 5-10 fold, while high Ca2+ abolishes this effect. 
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Figure 3. Dendrogram of vertebrate GCAPs and recoverins. The dendrogram was computed for protein 
sequence similarities using preset values for k-tuple and window size, gap penalty, and filtering level (PC-Gene, 
Intelligenetics, Inc.). The bovine, human, mouse and frog GCAP sequences are from (22). The rccoverin 
sequences are from (4) (bovine), (19) (human), (25) (mouse), and (15) (R. catesbiana). The chicken GCAP 
sequence (Semper-Rowland et aI., in preparation) and the R. pipiens recoverin sequence (Subbaraya et aI., 
submitted) are unpublished. 

Crosslinking with dithio-bis(sulfosuccinimidyl)proprionate (DTSSP), both at low and high 
Ca2+, yielded a high molecular weight product of -400 kDa which is antigenic with GCAP 
and GC antibodies, suggesting that the complex is formed by several GC molecules (11 ), It 
appears that the GCAP molecule exerts its action as a monomeric protein, although it may 
interact with several GC molecules (Fig, 4), The inhibitors of the GC stimulation by GCAP 
include hydrophobic molecules (such as benzamidine), N-terminal peptides derived from 
the cloned sequence of GCAP, and a monoclonal antibody that was raised against bacterially 
expressed GCAP (22). 

PHOTORECEPTOR SPECIFIC EXPRESSION 

We previously showed by Northern blotting of RNA from various tissues, that the 
GeAP gene is expressed in the retina, but not in heart, brain, placenta, lung, liver, muscle, 
kidney, or pancreas. We further showed by in-situ hybridization with digoxygenin-labelled 
antisense RNA in bovine and primate retina that GCAP is expressed specifically and 
discretely in photoreceptors cells, and that GCAP mRNA can be detected primarily in the 
myoid region of both rods and cones where protein synthesis occurs. Since in cone 
photoreceptors cytoplasmic Ca2+ regulates GC with features indistinguishable from those in 
rods (18), the presence of an identical or closely related GC/GCAP system in this cell type 
is not surprising. Immunocytochemical localization with a polyclonal antibody (11) revealed 
presence of GCAP in both rod and cone outer segments. In some tissue preparations, cone 
synapses also stained intensely. 
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Figure 4. Hypothetical models of interaction between GC and GCAP. The four domains (extracellular, 
transmembrane, protein kinase-like domain KHD, catalytic domain CAT) of particulate GC (8) are shown in 
various shadings of grey. GCAP is pictured as membrane associated, activating GC at the cytoplasmic face. 
As two of several possibilities, GCAP is shown to interact with a dimerofGC through the KHD (A) or through 
the catalytic domain (B). 

THE HUMAN AND MOUSE GeAP GENES 

The human and mouse GCAP gene structures were elucidated by cloning and 
complete sequencing of subcloned genomic fragments (Fig. 5). The gene is split into four 
exons distributed over 6 kb (human) and 4 kb (mouse) of genomic DNA. In human, intron 
a is 4.8 kb in length, and contains two antisense singleton 300 bp Alu repeats with 90% 
similarity to AluSX (14) and a 50 bp TnG polymorphism. Introns band care 373 and 341 
bp, and the two central exons are 146 and 94 bp each. The 6 splice junctions conform to the 
donor/acceptor consensus sequences (21). In mouse, the intron postions are exactly as in the 

Human GCAP gene (locus designation GUCA 1) 

~~! .. 1 kb Note 1\ 

~1-_____ ..... _______ N.I.j~g.>,-Mb~___ ~~ 
- ---' y y 

--- ----- ----- ---
EcoR1 EcoR1 

Figure 5. Human Gene Structure. Graphical representation of the gene. Exons of the GCAP gene are depicted 
as boxes, the coding portions are filled. Introns (a-c) and flanking sequences are shown as lines. The genomic 
vector is A.FixII, only its multiple cloning site is shown. The lower part depicts the position of introns within 
the cDNA domain structure. 
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human gene, and introns are approximately the same length. While the sequences and EF 
hand structures are related, there is no conservation of intron/exon boundaries between the 
GCAP gene and the human recoverin gene containing three exons (19), or the human 
calmodulin gene CaMI containing six exons (6). 

CHROMOSOMAL LOCALIZATION 

The chromosomal localization of the GCAP gene was determined by amplification 
of an exon I fragment in human hamster hybrid panels. Only panels containing human exon 
6 yielded the expected product. Sub localization to the short arm of chromosome 6 was 
unequivocally determined on banded metaphase spreads. Assignment of the GCAPI locus 
to region 6p21.l was confirmed by co-hybridization of a chromosome 6 centromere-specific 
probe. Consistent signals were not observed on any other chromosomes. The GCAPI locus 
is near RDS on 6p21.I-cen. By synteny with RDS (27) and other loci near p21.1, the mouse 
gcapl locus is predicted to reside on chromosome 17. 

GCAP AS A CANDIDATE GENE FOR HUMAN DISEASE 

By virtue of its photoreceptor-specific expression, GCAP is a candidate gene for mammal
ian retinal dystrophies. In a variety of animal and human models, mutant genes expressing 
defective components involved in phototransduction or ROS disc structure, have been shown to 
cause cell death and retinal degenerations (13). Since GCAP plays a key role in return of the 
photoreceptor to the dark state after illumination, a defect in the GCAP gene may disturb 
activation of cyclase and possibly disable accelerated cGMP synthesis essential for depolarization 
of photoreceptors. A predicted phenotype for a GCAP missense mutation may be non-progressive 
night blindness in which cGMP levels in dark-adapted photoreceptors are abnormally low, as has 
been observed in families with defects in the rhodopsin gene causing constitutive activation of 
transducin (5) or in a large Danish pedigree in which a defect in the PDEI3 gene causes persistent 
hydrolysis of cGMP (7). More severe phenotypes like RP and macular degeneration in which 
photoreceptors progressively degenerate would be consistent with a null allele and loss ofGCAP 
function. Recently, a new locus for autosomal recessive retinitis pigmentosa, distinct from RDS, 
has been identified on 6p (16) in a dominican pedigree, and initial mapping studies indicate that 
this locus is within 2 eM ofGCAP and may be identical with the GCAP locus (Poulabi Baneljee, 
James Knowles, and Conrad Gilliam, personal communication). 
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INTRODUCTION 

Although often thought of as a disease that primarily affects the rods, retinitis pigmen
tosa (RP) delays the implicit times of the cone ERGs very early in progression (see ref. I for 
review). The first two panels of Figure I show the cone responses recorded as part of a standard 
clinical protocol from a normal subject and four patients with RP. Cone ERGs are recorded by 
presenting a single white flash on a background that suppresses the rods (left panel) or by 
presenting a 30 Hz pulse train, too fast for the rods to follow, to the dark adapted eye (right 
panel). The vertical dashed lines in Fig. I mark the peak times for the normal observer and the 
patients' records were selected to illustrate a range of implicit times. In general, patients with 
RP show delays in the peak response to both the single flashes and the 30 Hz flicker. These 
delays have been attributed, at least in part, to cone photoreceptor abnormalities, specifically 
to a decrease in quantal absorption by the cone outer segments (1-3). Other ERG evidence is 
more difficult to reconcile with only a change in quantal absorption (4-10). 

Here we summarize evidence that RP affects both cone phototransduction and processing 
beyond the outer segment. A model of cone phototransduction was fitted to the a-waves of thirteen 
patients with RP and five with cone-rod dystrophy (eRD). There are changes in the sensitivity of 
cone phototransduction, but these changes alone cannot account for the delays in the cone ERGs. 

METHODS 

Subjects 

Thirteen patients with RP ranging in age from 11 to 67 participated in this study. They 
were classified as: 8 adRP, 3 simplex, 1 X-linked, and I recessive. Six of the patients with 
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Figure 1. Responses to standard protocol stimuli. 

adRP had a rhodopsin mutation [pro23his (3); leu46arg (2); and splice-17y (1»). In addition, 
five patients with cone-rod dystrophy (CRD), ranging in age from 9 to 67 years, also 
participated. 

The control group for the high intensity analysis consisted of eight subjects with normal 
color vision, normal full-field ERGs and normal ophthalmological examinations. They ranged 
in age from 33 to 51 yr (mean age = 42.5). The control group for the standard protocol included 
62 subjects of ages 5 to 60 years. Norms by age have previously been presented (II). 

All patients had been diagnosed by ophthalmologists specializing in retinal disease. 
The tenets of the Declaration of Helsinki were followed and all subjects gave written 
informed consent after a full explanation of the procedures was given. 

Recording Techniques 

The methods used for obtaining full-field ERGs are relatively standard (12). Re
sponses were obtained from the anesthetized cornea with a Doran bipolar contact lens 
electrode. Signals were amplified (factor of 10,000; 3 dB down at 2 and 10,000 Hz) and 
averaged. 

Standard Protocol Stimuli 

In all patients, responses were obtained to a 30 Hz, 1.3 log td-s light and to a single 
flash (1.9 log td-s) upon a background of 3.2 log td. The implicit time and amplitude of the 
primary positive component were measured. 
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High Energy Single Flash Protocol 

Cone ERGs were recorded to brief, red (W26) flashes presented upon a steady 
adapting field (2.6 to 2.9 log td). Although these fields have been shown to suppress rod 
activity to the stimuli used here (13), blue flashes were also presented to assure that the cone 
a-wave was isolated. There was no sign of rod activity in three patients (the two with the 
leu46arg mutation and the xIRP), thus cone ERGs were obtained in the dark adapted eye 
with white flashes to extend the range of flash intensities available. Six to eighteen responses 
were averaged at each flash energy. 

Dark-adapted rod ERGs were recorded from I I of the patients (7 RP and 4 CRD) and 
S of the normal controls. The general procedures have been previously described (14). 

Theoretical Analysis of Phototransduction 

A model of the activation phase of cone phototransduction was fitted to the leading 
edge of the cone a-wave (14). This model is based upon the Lamb and Pugh model (IS) of 
rod photocurrent and includes the addition of a lowpass filter to account for the capacitance 
effects of the extensive cone outer segment membrane. In particular, the model includes eq 
1 below followed by an exponential filter with a time constant T. The part of the model 
common to both the rod and cone a-wave is 

P3(i,t) = q - exp[ -i . S . (t - td)2] ! . Rmp3 for t > td (I) 

where the amplitude P3, named after Granit's receptoral component, is a function of 
flash energy i and time t after flash onset. S is a sensitivity parameter that scales flash energy 
i; Rmp3 is the maximum amplitude; and td is a brief delay. The leading edge of the cone 
a-waves of all subjects was fitted by setting td equal to 1.7 ms and T equal to 1.8 ms, the 
parameters for a group of normals, and estimating the values of Sand Rmp3 for best fit (see 
ref. 14 for details). 

Equation I was fitted to the rod a-waves as previously described (16). 

RESUL TS AND DISCUSSION 

Responses to Standard Protocol Stimuli 

All the patients showed smaller and slower responses to the standard clinical stimuli. 
The implicit times for the 30 Hz flicker ranged from 30.S to 4S.6 ms (mean = 38.0) and were 
longer than the mean normal value of28.0 ms +/- 1.8 for all the patients. Likewise the single 
flash implicit times ranged from 28.8 to 44.S ms (mean = 3S.0) and were longer than the 
mean normal value of27.8 ms +/- I.S. 

Responses to Higher Energy Flashes 

Figure 2 shows the cone ERGs to the red flashes upon the 2.9 log td field for a normal 
and a patient with RP. The background field was similar to the field of 3.2 log td used for 
the light-adapted single flash in the clinical protocol (left panel of fig. I). The flashes, 
however, were more intense starting 0.3 log units higher and going up to 3.7 log td-s. The 
a-wave grows in amplitude reaching a maximum by about 3.0 log td-s, while the peak-to
peak amplitude of the ERG decreases over this same range. At the highest intensities, the 
cone system appears to be saturated. The amplitudes of the ERGs to the top two or three 
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Figure 2. Responses to red flashes on a white background. 

flash energies are very similar and only minor changes in timing appear to distinguish them 
The patient's responses are smaller and, as will be clearer below, slower. 

Parameters of Cone Phototransduction 

The dashed curves in Fig. 2 show the fit of the model (14) of cone receptor activity 
to the a-waves. All a-waves were fitted up to 11 ms, but the theoretical curves are shown for 
the first 20 ms. The model fits the patient data well. Two parameters, S (sensitivity) and Rmp3 
(maximum a-wave amplitude), were obtained from these fits. The patient had values of S 
and Rmp3 that were 0.35 and 0.32 log units below the mean normal values. 

Figure 3 (left panels) shows histograms of the values of log S and log Rmp3 for all 
the subjects in this study. The vertical dashed lines indicate the lower limit of the range of 
normal values. The patients have smaller values of cone Rmp3 (lower left panel), hardly 
surprising given that these diseases eventually destroy cone outer segments. However, the 
sensitivity parameter, S, is also affected for the cones. It is lower in this group of patients, 
on average by 0.43 log unit. And, all but two patients, one RP and one CRD, had S(cone) 
values that were below the range of the normal values. 

Rod ERGs were available for 11 of the patients (7 RP and 4 CRD) and 5 of the normal 
subjects. The parameters of best fit are shown in the middle panel of Fig. 3. As previously 
reported (16), some of these patients show abnormal S values and some do not. All, however, 
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show significantly decreased Rmp3 values consistent with a disease that is destroying rod 
outer segments. 

In the right panels in Fig. 3, the individuals' rod and cone parameters are compared 
for the patients with RP(filled circles) and CRD (plusses). The diagonal lines mark the loci 
of equal changes in rod and cone parameter. If we assume that to a first approximation the 
Rmp3 values provide a measure of the total amount of functional, outer segment membrane 
(14, 17), then the values of Rmp3 (lower right panel) confirm that relatively more rod, as 
opposed to cone, outer segment membrane is missing in the RP retina. For the patients with 
CRD, the cone outer segment loss as measured by Rmp3 is about as extreme, or in one case, 
more extreme than the rod loss. Further, there appears to be a moderate correlation between 
cone and rod outer segment loss. 

The sensitivity, S, of cone transduction is at least, if not more, affected than the 
sensitivity of rod function in both groups of patients (upper right panel). This is surprising, 
especially for the patients with RP where, as expected, the outer segment damage of the 
population of rods is greater than the damage of the cones. The cause( s) of the depressed 
value of cone sensitivity is not clear, but it is likely that it is, in part, due to an abnormal 
activation phase of most of the functioning cones in the retinas of these patients (see below). 
This abnormality is likely a change that is secondary to the rod degeneration in the patients 
with RP. 

Abnormal Cone INL Activity 

By assuming that the cone model describes the first 30 ms of the underlying cone 
receptor response, we can derive an estimate of the INL response (i.e. the non receptor part 
of the cone ERG). The curves in Fig. 4 (left panel) are derived INL responses obtained by 
computer subtracting the response of the cone model (dashed curves in Fig. 1) from the 
ERGs. The curves are for three flash energies and for the normal (solid) and patient (dashed) 
subjects in Fig. 2. A second patient with RP is also shown to illustrate the range of INL 
changes seen in these patients. The patients' derived cone INL responses are smaller and of 
a fundamentally different shape. The various sub-components of the ERG appear delayed in 
time as previously reported (2). 

Notice in eq 1 that a decrease in the sensitivity of transduction, S, is equivalent to a 
decrease in flash energy, i. Thus, if the only effect of RP was to decrease the sensitivity of 
the cone receptors, then the derived INL responses for the patients should correspond to 
those of the normals to flashes ofJower energy. The derived cone INL activity of the patients 
cannot be mimicked in normals by decreasing the effectiveness of the flash. Figure 4 (middle 
panel) shows another way to illustrate this point. In all normal subjects, the potential labeled 
PC I in Fig. I is easy to discern. This is undoubtedly the potential that others have identified 
as an oscillatory potential (e.g. 18-20). It is thought to be generated in the INL probably by 
the amacrine cells (21). The implicit time of this potential decreases with increases in flash 
energy (18) as can be seen in Fig. 4 (middle) where the open symbols show the mean and 
standard deviation for the group of normal subjects. The other symbols show the implicit 
time of PC 1 in three patients in whom this component was easily discernible. (These three 
patients had log S(cone) values 0.2 to OAlowerthan normal.) All three patients show marked 
delays in PC 1. For 17 out of 18 patients, the PC 1 component of the cone ERG was delayed. 

The delays in PC I cannot be attributed to a decrease in the effective intensity 
secondary to a decrease in S(cone). Adjusting the effective flash energy by the change in 
S( cone) produces the dashed curves. The change in phototransduction sensitivity is clearly 
insufficient to explain the delayed PC I in these patients. This argument does not take into 
consideration the fact that the change in S( cone) also affects the adapting field intensity. 
However, the changes in adapting field intensity have little effect on the implicit time of 



Abnormal Cone Receptor Activity in Patients with Hereditary Degeneration 

Ul 
2.5 log kI-s .s 

~ 

0 a.. 
'0 
CI) 

E 
"" :!: 
.\.1 
0. 
.5 

o 10 20 30 40 

tine (IllS) 

25 

20 

__ recRP(4664) 
__ CRD(4660) 
-+ adRPsplice(4377) 
__ mean normal 

2.0 2.5 3.0 3.5 4.0 4.5 

log flash intensity 

Figure 4. Measures of INL activity. 

25 

15 

1.0 

355 

N1 N2 
........... 0.91ogtd 
.... -e- 2.9 log td 
-0- .& 3.9109 td 

2.0 3.0 4.0 

log flash intensity 

PC 1. This is shown in the right panel of Fig. 4 where the implicit time of PC 1 is shown for 
a three log unit change in the adapting field. For two normal subjects, there are small 
decreases in implicit time with lower adapting field intensity, a direction opposite to the 
changes seen in the patients. Thus a decrease in the effectiveness of the flash and the adapting 
field cannot account for the slower response in the patients. 

A Comparison of Single Flash and Flicker ERGS 

Figure 5 shows the cone ERGs from Fig. 1 on the same time axis. The timing of the 
peak of the single flash ERG (dashed curves) appears correlated with the amplitude and 
timing ofthe flicker ERG. That is, the implicit time of the flicker response appears to increase 
together with the implicit time of the peak of the response to the single flash. The filled 
symbols in the right panels show both the amplitude (upper) and the implicit times (lower) 
of these two cone ERG responses for the patients in this study. These measures appear 
reasonably well correlated. 

However, these are not the best comparisons to make between the responses to single 
flashes and 30 Hz flicker. The conditions for the single flash differ in two ways; the flashes 
are about 0.6 log unit brighter and they are presented upon a 3.2 log td field. A flicker 
condition, a train of more intense (1.9 log td-s) flashes on a 3.2 log td background, equivalent 
to the single flash protocol has been added to the standard protocol to allow for more direct 
comparisons. The open symbols show a comparison of these light adapted 30 Hz responses 
and single flash responses for the patients in the present study (circles) and 26 other patients 
(squares) from the files of the Retina Foundation of the Southwest. The dashed lines show 
the means of the group of 62 normals and the associated bars are one standard deviation. 
The solid diagonal lines have a slope of one and denote equal implicit times and amplitudes. 
For the normals, the peak amplitude to the single flash is somewhat larger (110.4 vs. 78.0 
IlV) and slower (27.8 vs. 24.2 ms) than the peak of the 30 Hz response, presumably because 
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Figure 5. A comparison of the amplitude and timing of the peak response of the single flash ERG to the 
amplitude and timing of the flicker ERG. 

of adaptation due to the flash train. For the patients, both measures are highly correlated. 
Notice, in particular, that the patients implicit times fall along the line of equal times from 
about 31 to 40 ms. At longer times, the flicker implicit times asymptote around 40 ms 
presumably because the a-wave to the next flash in the train cuts the response to the previous 
flash short. In any case, the responses to the single flash and flicker provide nearly equivalent 
information. And, whatever is delaying the peak response to the single flash is also delaying 
the peak of the flicker response. 

Why Are the Cone ERGs Delayed? 

The safest conclusion is that the delays seen in both the single flash and flicker cone 
responses (Fig. 1 left panels) are due to both outer segment sensitivity (S) changes and to 
the slowing of the INL responses. 

Algebraically, the parameter S can be related to the amplification constant in the 
Lamb and Pugh model (15) of the activation phase of photo transduction by 

log A = log S + log 2 - log k 
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where k is the factor for converting from td-sec to isomerizations/cone. In the normal human 
retina, the amplification, A, of the rods and cones is about the same (14). But to simply 
calculate A from S, or to assume a smaller S implies a smaller A, is to make a number of 
assumptions (16) including that the disease process treats the cones all evenly and does not 
affect k. We can rule out the most obvious violations of these assumptions, for example 
abnormal pre-retinal screening. And, even though the effects of the disease are undoubtedly 
uneven across the retina (e.g. 22), most of the cones must have depressed values of S to 
produce the changes we measure (23-25). Thus, we tentatively conclude that the diseases 
known collectively as RP, including those due to mutations that alter the structure of the 
rhodopsin molecule, affect the activation phase of cone transduction. 

The most common explanation for the change in the timing of the cone ERG with 
RP is a decrease in quantal absorption secondary to a shortening of cone outer segments seen 
anatomically (see ref. I for references). A decreased quanta I catch due to a shortened outer 
segment will not affect S (16, 17). The changes in S( cone) are probably secondary to rod 
receptor damage, at least in the patients with RP. It is not known how the degeneration of 
the rods affects transduction in the cones but it may be related to the other morphological 
changes that have been reported in the cones and/or to some factor or agent produced by rod 
degeneration. 

The analysis in Fig. 4 (middle) suggests that the slowing of the INL component may 
be a far more prominent factor than the change in S in producing delayed cone ERGs. These 
delays are likely caused by changes beyond the cone receptor, although we cannot exclude 
changes in the steps between transduction in the cone outer segment and the release of 
transmitter at the cone synapse. 
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INTRODUCTION 

40 

Over the years, a clinical diagnostic protocol has evolved for the full-field electroret
inogram (ERG) and recent attempts to standardize the protocol (1) have largely been 
successful. As part of the standard ERG protocol, a single rod flash is obtained from a patient 
in a full-field dome. The protocol response is useful for establishing the retinal basis of visual 
loss, and can provide information on the rate of progression in hereditary retinal degenera
tion. However, the peak-to-peak amplitude ofa single response is a snapshot of rod behavior 
that reflects amplitude at a single point in time following a single stimulus intensity. The 
purpose of this paper is to show that considerably more information about rod function can 
be obtained by analyzing the dynamic behavior of rod responses over both time and intensi ty. 
In particular, we have developed two approaches for analyzing the human rod photoresponse. 
Both approaches require high intensity stimuli to reveal the underlying photoreceptor 
component of the ERG and both can be used to test specific hypotheses regarding mecha
nisms of degeneration in hereditary retinal diseases. 

The standard rod response is often non-recordable in patients with retinitis pigmen
tosa, but sometimes a small positive deflection is evident. A single response is not very useful 
for discriminating among alternate possible mechanisms of degeneration. Progressive de
cline in peak-to-peak ERG amplitude over several years offollow up, as shown in Figure I, 
could be due to any number of factors. Some can be controlled or compensated for, such as 
changes in pupil size and lens yellowing. Others, such as inner retinal damage, are less likely 
to playa large role in hereditary retinal degenerations. However, ERG declines in retinitis 
pigmentosa could be due to shortened rod outer segments resulting in reduced quanta I catch, 
to random loss of rods from throughout the field, to regional death of rods leading to large 
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Plenum Press. New York. 1995 359 



360 D. G. Birch and D. C. Hood 

50 #1066 

40 

year 0 

30 

year 1 

:;- 20 

2: 
Q) 
"0 10 :e 
a. 
E 
('(l 0 

-10 

-20 

-30 

0 20 40 60 80 100 120 

time (msec) 

Figure 1. Rod ERG response to standard protocol flash of -0.1 log scot td-sec. A decline in peak-to-peak 
amplitude is clearly evident over six years offollow-up. The patient is a 43 year old female with an autosomal 
recessive form of retinitis pigmentosa. 

areas of field loss, to abnormalities within one of the many stages of the phototransduction 
cascade, or to some combination of all. Evaluating the rod ERG as a function of intensity is 
a first step in discriminating among these possibilities. 

As shown in Figure 2, the standard protocol response (dark curve) is but one of a 
series of responses that can be obtained by varying intensity. Rod b-wave amplitude grows 
approximately linearly with retinal illuminance over a range of greater than 4 log units. At 
around 1.0 log scot td-sec, growth in b-wave amplitude slows as the underlying b-wave 
generators reach their maximal response. The a-wave of the rod ERG first becomes 
prominent at intensities causing maximal b-wave response and further growth in peak-to
peak amplitude is due primarily to growth of the a-wave. Log peak-to-peak rod amplitude 
versus log retinal illuminance is shown in Figure 3 for the seven visits in the patient shown 
in Figure L Solid lines fit to each visit are saturating exponentials of the Michaelis-Menton 
variety, often referred to as Naka-Rushton functions in their application to visual responses. 
According to this relationship: 

V /V max = In/ In+kn , 
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Figure 2. Standard protocol response (darkened curve in each panel) is on the linear portion of the intensity
response relationship. Below the protocol intensity (left panel), responses decline with intensity to near 
psychophysical threshold. Above the protocol intensity (right panel), b-wave amplitude saturates and the 
a-wave predominates. 

where V is peak-to-peak amplitude at intensity I, V max is the maximum amplitude, k is 
intensity at half-saturation, and n is a slope constant (typically 1.0). For the patient shown 
in Figure 3, there is a relatively systematic decrease in V max over the 6 years of follow up 
and a clear trend for the curves to be displaced horizontally (increased log k) over time. The 
change in log V max sums with the change in log k to give the change in log rod ERG threshold, 
defined as the retinal intensity necessary for a 2.0 !l V b-wave response. 
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Figure 3. Log peak-to-peak amplitude versus log retinal illuminance over six years of testing in patient # I 066. 
Solid lines fit to each visit are the relationship V/Vmax = In/In = kn with n set to 1.0. Both V max and log k change 
over time. 
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Figure 4. Yearly change in rod ERG threshold for 65 patients with retinitis pigmentosa tested over a 5 year 
period. Significant differences exist in the rates of change among the various inheritance patterns. 

To document the natural history of rod loss in retinitis pigmentosa, yearly progression 
in rod ERG function was studied over a five year interval in 65 patients (2). Average yearly 
change in rod b-wave threshold is shown as a function of inheritance pattern in Figure 4. A 
repeated measures analysis of variance showed that there was a significant main effect of 
years (F = 54.6; p<O.OOOl) and a borderline main effect of inheritance pattern (F = 2.55, P 
= 0.06). Furthermore, the analysis revealed a significant interaction between inheritance 
pattern and years (F = 2.02; p = 0.02). Post-hoc analysis showed that the yearly rate of rod 
b-wave threshold elevation was significantly higher in xlRP (0.22 log/year; 60%) than in 
adRP (0.1 log/year; 20%) patients. Patients with recessive and isolated patterns of inheritance 
were intermediate, with rod threshold rising 0.14 (30%) each year. Overall, the annual 
increase in rod b-wave threshold across all patients with retinitis pigmentosa averaged 0.16 
(32%). As shown in Figure 5, the threshold change was due to both an annual increase in 
log k of 0.09 log unit (19%) and an annual decrease in log V max of 0.07 log unit (15%). The 
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Figure 5. Yearly change in rod b-wave parameters determined from the Naka-Rushton relationship in 65 
patients with retinitis pigmentosa. The annual increase in log threshold was due to both a yearly increase in 
log k and a yearly decrease in log V max' 
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Figure 6_ Rod ERGs from a normal subject elicited by stimuli ranging from -3.6 to 4.4 log scot td-sec. The 
dark curve is the rod response elicited by the maximal stimulus available on most commercial systems (2.0 
log scot td-sec). Above this intensity, responses are dominated by the a-wave (right panel). 

annual decrease in V max can only be due to progressive, regional loss ofb-wave generators. 
Because of the high convergence ratio of rod photoreceptors onto bipolar cells, it should be 
possible to elicit a maximum response from the bipolar with sufficient light despite random 
loss of rods within the receptive field and/or decreased quantal absorption of individual rods. 
The maximum bipolar cell response (and V max> the measured ERG parameter) will decrease 
only when virtually all the rods in a bipolar cell receptive field cease functioning. There 
should, therefore, be a strong correlation between V max of the rod b-wave and the area of 
functioning rod visual field. Indeed, strong correlations are present when precautions are 
taken to isolate rod-mediated parameters in both the ERG and the visual field (3-5). Similarly, 
the annual rate of decline in log V max of the ERG is comparable to the yearly rate of decline 
in log rod visual field area (2). 

The annual increase in log k is more difficult to attribute to underlying mechanisms. 
Changes in sensitivity at the level of the b-wave can result from a large number of 
abnormalities that are best studied by recording from the human photoreceptors themselves. 
At intensities higher than about 2.0 log scotopic troland-secs, the timing of the a- and b-waves 
is such that a substantial portion of the leading edge of the a-wave is revealed. At even higher 
intensities, a-wave amplitude reaches a maximum prior to the onset of the b-wave, revealing 
the actual saturated maximum of the underlying photoreceptor response. One approach to 
analyzing the human rod photoresponse is to fit current physiological models to the leading 
edge of the a-wave (6-11 ). A second approach is to "probe" the rod photoreceptor response 
with a double flash procedure (12). 

To obtain high-intensity responses for both approaches, we record full-field ERGs 
in a custom Ganzfeld dome incorporating a xenon gas tube within a flash head (Model 2100, 
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Novatron, Dallas, Tx). The flash is driven by a 1600 W/sec power pack (Novatron, Dallas, 
Tx) and is capable of delivering relatively narrow-band short wavelength flashes of up to 
4.5 log scot td-secs and achromatic flashes of up to 6.0 log scot td-sec. A second, identical 
high-intensity unit is mounted in the dome for some of the double-flash experiments. The 
precise timing of each flash is controlled by computer. 

As shown in Figure 6, the rod ERG to intensities above approximately 3.0 log scot 
td-sec are dominated by the a-wave. Because cones also generate sizeable potentials at these 
intensities, techniques have been developed for isolating rod-only responses (9,13). The 
responses shown in Figure 5, for example, are from short-wavelength stimuli after computer
subtracting the cone responses to photopically-matched long-wavelength stimuli. The quali
tative similarity between the a-wave and photoreceptor responses has been appreciated for 
many years (14-15). More recently, we (6-9,11) and others (10,16) have shown that the 
leading edge of the rod a-wave can be fit with the same class of model that has been used to 
characterize responses from isolated rod photoreceptors. The recent model of Lamb and Pugh 
(17) is particularly useful in this regard, since it contains parameters that can be directly 
related to activation mechanisms of transduction. To adapt the model to the ERG, we have 
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Figure 7. Leading edge of the a-wave in normal subject and two patients with autosomal dominant retinitis 
pigmentosa due to the pro-23-his mutation. Patient #3674 is shown twice; on the same scale as the normal 
subject (above) and magnified X5 (below). The dashed curves in each panel show the fits of the model to the 
leading edge. Both Sand Rmp3 are reduced in these patients. 
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used the following equation to describe the response as a function of time (t) and intensity 
(1): 

R(i,t) = [I - exp(-i . S . (t - td)] (Rmax) 

where Rmax is the maximum amplitude, S is a sensitivity parameter and td is a brief delay 
prior to response onset (reflecting time constants of both the recording equipment and the 
various stages of transduction). Rmax primarily reflects the total number of gated channels 
in the retina and will be decreased by either a reduced number of rods or a reduced number 
of outer segment disks. S, on the other hand, reflects the gain of transduction. In normal 
subjects, where all rods have approximately equivalent parameters, S directly reflects the 
amplification (A) of individual rods. Using currently accepted values to convert to quantal 
absorption, we have shown that the amplification constant derived from the ERG is within 
the range of previously reported values for A (18). In patients with retinitis pigmentosa, 
where there is typically considerable heterogeneity among rods across the retina, it is more 
difficult to directly relate S to A. We have shown, however, that patients must have a sizable 
number of rods with A values depressed by at least the value of log S (11). Conversely, a 
normal value of S can only occur when the vast majority of rods have normal values of A. 

The first 25 msec of the a-wave is shown for a normal subject and two patients with 
retinitis pigmentosa in Figure 7. The patients are from two different families with the 
pro-23-his rhodopsin mutation. Data from patient 3674 is shown twice: in the upper right 
panel at the same gain as normal to underscore the small amplitude of these signals in some 
patients and in expanded form below. The dashed curves in each panel show the fits to the 
leading edge with a single set of parameters for the intensity series. Despite the small 
amplitudes, the fit to the model is quite good. For both patients with the pro-23-his mutation, 
the values ofS and Rmax are significantly lower than normal. Summary data for 50 patients 
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Figure 9. Recovery functions derived from double flash technique with 1.0 log scot td-sec test flash (above) 
and 1.7 log scot td-sec test flash (below). "Hook" responses pegged to the data points are rod responses to 4.2 
log scot td-sec probe flashes. The level of hyperpolarization at each lSI following the test flash is the difference 
between the probe amplitude at that time and the saturated amplitude. Full ERGs in each panel are the responses 
to each test flash alone. 

with hereditary retinal degeneration are shown in Figure 8. Plotted are the difference values 
(relative to mean normal) for log S on the vertical axis against log Rmax on the horizontal 
axis. All values are plotted relative to mean normal; the dashed line indicates the values 
above which 95% of normal subjects fall. All patients show significant reductions in Rmax. 

It is highly likely that the decrease in Rmax is primarily due to a loss of outer segment 
membrane through loss of receptors or a decrease in rod outer segment length. Many patients 
have values of log S within the normal range, suggesting that this subset of patients has no 
significant alteration in activation mechanisms of transduction. Approximately half of the 
patients show abnormally low values of log S. This group of patients must have a sizeable 
number of rods with an abnormal transduction process in the form of decreased amplifica
tion. 

A second way to probe the underlying photoreceptor response is with the double
flash procedure. This technique is based on the fact that it is possible to directly measure 
the maximal, saturated amplitude to a probe flash of 4.0 or brighter log scot td-sec. When 
the probe flash is presented after a test flash, the amplitude of the response to the probe 
will be the difference between the level of hyperpolarization due to the test flash and the 
maximal, saturated amplitude. An example of the application of this procedure in a normal 
subject is shown in Figure 9. The top trace shows the ERG in response to a test flash of 
1.0 log scot td-sec. This intensity is at about the half-saturation value for the rod 
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Figure 10. Recovery functions derived from the double flash techniques for test flashes ranging from 1.0 to 
5.1 log scot td-sec. With increasing intensity of test flash (Is), there is an increase in critical time (T d prior to 
initiation of recovery. 

photoreceptors. The a-wave to this intensity is extremely small; only a few msecs of the 
leading edge is present before the intrusion of the b-wave. The "hook" responses shown 
below are the first 20 msec of the response to a probe flash of 4.2 log scot td-sec at 
interstimulus intervals (lSI) indicated on the abscissa. When presented alone (lSI = 0), 
the probe flash produces the maximal response of -250 !-tv. The amplitude at any given 
lSI depends upon the level of hyperpolarization of the rods at that instant following the 
test flash. The solid circles at each lSI are the differences between the probe flash 
amplitude and the saturated amplitude. As predicted, the double flash technique reveals 
an underlying photoreceptor response to a test flash of 1.0 log scot td-sec that has a time 
to peak of approximately 180 msec and reaches about one-half the saturated amplitude 
(18). The bottom half of Figure 9 shows a similar analysis for a more intense test flash 
of 1.7 log scot td-sec. Here the underlying response reaches saturation, then shows a 
prolonged course of recovery over the next several hundred milliseconds. Although these 
measures are time-consuming, in principle it is possible to utilize this technique to study 
underlying mechanisms of activation and inactivation over a wide range of test intensities 
in normal subjects and patients with hereditary retinal degeneration. 

It is known from recordings in isolated rod photoreceptors from a number of species 
(19-20), including humans (18), that increases in test flash intensity above saturation produce 
progressively longer delays in the initiation of recovery from saturation. Whereas amplitude 
saturation reflects the complete closure of all gated sodium channels in the rod outer segment, 
the progressive delays in recovery from saturation with increasing intensities reflect the 
saturation of "upstream" activation stages. Pepperberg and co-workers (21) have shown that 
the critical time prior to the initiation of recovery, T c, increases in proportion to the natural 
logarithm of test flash intensity, Ir, above intensities known to produce complete, transient 
activation oftransducin. This linear T c vs. In If function above the transducin saturation level 
implies that the slope of this function is a measure of the lifetime of an intermediate 
"upstream" from transducin, namely activated rhodopsin, R *. 
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Figure 11. Critical time (Ie) as a function of test flash intensity. Solid symbols are means from three patients 
with the pro-23-his mutation. Ihe dashed lines are the means of five normal subjects and the dotted lines show 
the 95% confidence interval for the slope. Over the range from 10 to 13.9 In scot td-sec, Ie varied with the In 
test flash intensity, but the slope in patients (12.1 sec) was five times greater than normal (2.3 sec). 

The double-flash ERG technique described above can be used to measure the 
intensity-dependence of inactivation in human subjects. Figure 10 shows recovery functions 
for a series of test flashes (If) in a normal subject. Like responses from single human rods 
(18), these derived responses grow in amplitude and saturate. With increasing If above 
amplitude saturation, there is an increase in the critical time prior to the initiation of recovery 
(T C). The recovery curves leading to the determination of T c also appear to have an 
intensity-dependent time constant. Critical times based on results for five normal subjects 
are plotted as a function of If in Figure 11. For conditioning flash intensities up to 10.5 In 
scot td-sec, T c exhibits a relatively weak, approximately linear dependence on In Ir. 
Beginning at about 11 In scot td-sec and continuing up to the highest If examined (13.9 In 
scot td-sec), T c grows much more rapidly with In If. This higher branch of the T c vs, In If 
function is well described by a straight line of slope 2.3 sec; 95% normal limits are shown 
as dotted curves. The solid symbols show results from similar measures in three patients 
with retinitis pigmentosa due to the pro-23-his rhodopsin mutation. These patients are 
identified with open diamonds in Figure 8. The patients have normal value of Tc for 
conditioning flashes up to 10.9 In scot td-sec. However, all three patients (including one 
patient tested on two occasions) have values ofTc that exceed the normal confidence limit 
at high conditioning flash intensities. The dashed line indicates the average slope of the 
relationship between T c and If for the three patients. Although the upper limb is based on a 
limited number of measures per patient, the slope of the line (average 12.1 sec) is clearly 
steeper than normal (2.3 sec). 

These results in patients with autosomal dominant retinitis pigmentosa due to the 
pro-23-his mutation are presented as an example of how the techniques described here 
for analyzing the a-wave can contribute to our understanding of disease mechanisms. 
Clearly, these patients have decreased numbers of functioning outer segment disks due 
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to cell loss and/or shortened outer segments of remaining cells. However, decreased 
numbers of disks alone cannot explain either the abnormally low gain of activation (S) 
or the slowed inactivation, as indexed by an upper branch of the recovery function that 
is about five times the normal value. If the density of cGMP-gated channels per unit rod 
outer segment length is normal in the patients tested here, the decrease in S implies 
abnormalities within the activation stages of transduction. Moreover, to the extent that 
the deactivation kinetics of R * determine the upper-branch 11 T c/ lllnIf slope, our findings 
suggest a prolonged lifetime of R *. These abnormalities in activation and inactivation 
stages of transduction would not be expected if the mutant rhodopsin was confined to 
the rod inner segment. Hence, they provide strong evidence that abnormal rhodopsin 
resulting from the pro-23-his mutation is present and functioning in the rod outer segments 
of these patients. 

Our long-term goal is to utilize the human ERG for studying rod photoreceptor 
activity in retinitis pigmentosa. We hope to utilize the paradigms described here to pursue 
genotype-phenotype correlations in the wide variety of patients with mutations in rhodopsin 
and other visual proteins. 
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INTRODUCTION 

In previous studies several authors described modifications of ERG responses in 
X-linked recessive retinitis pigmentosa (xLRP) carriers (1-8). Investigations on the inten
sity-response functions of the rod ERG also demonstrated reduction of V max in subjects with 
ophthalmoscopic evidence of the carrier status (pigmentary changes and/or tapetal-like 
reflex) (4). In patients affected with RP abnormalities of the Oscillatory Potentials (OPs) 
have also been demonstrated (9, I 0), suggesting a coexisting impairment of the inner retinal 
layers. Abnormalities of rod sensitivity were also found at the psychophysical level to 
flickering stimuli (II). 

The Scotopic Threshold Response (STR) is a negative corneal potential elicited 
by a very dim light stimulus (about one log unit above the absolute psychophysical 
threshold) in a fully dark adapted eye. The resulting response is a slow wave easily 
differentiated from the Granit 's fast PIlI or a-wave component (12) . The generators of 
this potential are in the IPL (13,14). Further studies (15-19) suggested that this potential 
could result from a Muller cell response to light-evoked K+ fluxes (20) originating in a 
class of rod-driven depolarizing amacrine cells operating with a narrow intensity range 
near absolute threshold. 
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Recent studies on other retinal pathologies, such as diabetic retinopathy, x-linked 
juvenile retinoschisis, Goldmann-Favre syndrome and congenital stationary night blindness 
(CSNB) (21-26), have demonstrated that the STR is a sensitive and reliable measure of the 
inner plexiform layer (IPL) function. Recent work from our department (27-29) suggested 
that STR is even more sensitive than other electro functional parameters, such as OPs, in 
assessing IPL conditions, in that it showed alterations in mild myopia or in diabetic patients 
with no ophthalmoscopical evidence of diabetic retinopathy despite normality of the other 
ERG tests. 

The aim of this investigation was to determine the most sensitive ERG parameter in 
identifying the carrier condition for xLRP, a disease that typically affects rod function, in 
the presence of normal maximal ERG responses. Therefore we tried to test completely the 
rod retinal function in xLRP carriers performing an intensity-response analysis, to evaluate 
rod amacrine-mediated response through the STR, rod bipolar-mediated response through 
the maximum b-wave amplitude (logV max), and rod pathway function and sensitivity through 
the other parameters of the Naka-Rushton equation (semi saturation constant, 10gK, and slope 
of the function, n). 

SUBJECTS & METHODS 

Two groups of women were investigated. The first one included 10 patients from 3 
pedigrees, 6 of whom obligate xLRP carriers, and 4 from xLRP pedigrees with 50% chance 
of being carrier, in whom ophthalmoscopy disclosed tapetal-like reflex or, in some cases, 
also mild retinal pigmentary changes, and their carrier status was verified by molecular 
biology tests. Age was 32.29 ±14.78 years (mean ± SO). Two additional female patients at 
50% risk of carrier status with mild doubtful fundus changes were also investigated. 
Molecular biology, despite suspicious fundus findings. verified their healthy homozygous 
state. No significant abnormalities of the maximal ERG response parameters (Le., neither 
amplitude nor latencies) were evident in either one of these subjects. according to our 
standard age- and sex-matched normal reference values. The second group included 10 
healthy, age- and sex-matched subjects of28.29±9.66 years of age, on average. 

Clinical investigations on each patient from the xLRP pedigrees were conducted 
according to a standardized national protocol for the study of retinitis pigmentosa and allied 
diseases, previously described in greater detail (30), that included a complete ophthalmologi
cal examination, with determination of morphological (slit lamp anterior segment examina
tion, ophthalmoscopy, biomicroscopy of vitreous and of the posterior pole with Yolk +78D 
and +900 lenses) and functional parameters (best corrected visual acuity, color vision, 
kinetic visual field). 

Electroretinographic tests included standard ERG protocol for rod and cone function 
examination and the evaluation of rod ERG intensity-response function; pupils were dilated 
with tropic amide 0.5% and phenilephrine 10% solutions; ERGs were recorded with Henkes
type corneal contact lens electrodes placed on both eyes under dim red light after corneal 
anesthesia with 2 drops of 0.4% oxibuprocaine chlorhydrate solution. The bandpass used for 
ERG recording was between 0.1 and 400 Hz. A 0.5 Hz-frequency white flash placed outside 
of the faradic cage, connected to a Ganzfeld dome by a fiber optic system was used to elicit 
the retinal signal (31), with a time window of 512 msec. The recording procedure (24) 
consisted in recording 25 iterations for each luminance level, starting 6 log units below the 
standard flash intensity (2 cds/m2). Attenuation of the flash intensity was controlled with 
neutral density (NO) filters inserted in a slot placed in front of the flash, progressively 
reducing the ND intensity by 0.3 log unit steps. Off-line analysis allowed us to split 
sequencial groups of the recorded samples and to average them separately. In so doing, the 
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onset, growth and subsequent disappearance of the STR could be monitored, and thereafter 
rod b-wave amplitudes and latencies were measured and analyzed with a dedicated software 
to fit the Naka-Rushton equation. 

The maximum peak amplitude (MPA), the maximum peak latency (MPL), and the 
peak luminance intensity (PU) at which the maximum peak was obtained were used as major 
investigating parameters for the evaluation of the STR. 

Patients with systemic diseases like diabetes, hypertension, renal failure or neuro
logical disorders were excluded. Neither subjects with myopia higher than -2D, ocular 
hypertension, or other retinal diseases, nor patients who had undergone surgical or para-sur
gical ocular treatments were included in the study. 

Statistical evaluations for comparison between the two groups of subjects were 
performed with the Stat View SE+Graphics program (Abacus Concepts, Inc., Berkeley, CA) 
for Apple computers (Cupertino, CA), using the Student's unpaired two tail t-Test. 

RESULTS 

A. STR values (see Table 1) 

The MPA of the STR in xLRP carriers was significantly lower (p = 0.001) and the 
MPL was slightly slower (p = 0.056) than in normal females. No significative differences 
were found for PU (p = 0.58). 

B. Intensity-response function (see Table 1) 

The parameters of the Naka-Rushton equation fitting the rod ERG intensity-response 
function showed different abnormalities. Log V max was virtually superimposable between 
the two groups (p = 0.16); 10gK was found to be significantly higher and the slope of the 
function (n) significantly smaller in xLRP carriers (p = 0.0001 and 0.008, respectively). 

We also investigated the possible existence ofinterocular differences for each of the 
above parameters, in view of the reported existence of cases of interocular asymmetry of 
visual functions in xLRP heterozygotes (5,6). None of the parameters showed significant 
differences between the two eyes. No false positive or false negative results were observed. 
Two possible carriers found to be genotypically normal had responses within normal limits. 

DISCUSSION 

There are at least 3 major amacrine cells' subsets involved in the transmission and 
modulation of rod-driven signals (32). Two of these, the All and AI7 ones, are composed of 
frequent cells with narrow dendritic fields that regulate the flow through the retina in deep 
scotopic conditions: their efficiency is critical to night vision. Their regulatory role is 
modulated by dopaminergic amacrine (DA) cells via direct synapses. This purely scotopic 
pathway also has a local negative feedback ensured by the so-called indolamine-accumulat
ing amacrine (IAA) cells. 

Sieving and co-workers (13,18,19) have provided strong evidence that the STR could 
result from a Muller cell response to light-evoked K+ fluxes originating in rod-driven 
depolarizing amacrine cells (20). On the basis of the known properties of rod-driven 
amacrine cell subsets, the AI7 population (sustained depolarizing response to dim light) has 
been particularly thought to underlie the STR, facilitating the integration of rod information 
and increasing rod pathway sensitivity at the IPL level (17). 
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Table 1. Summary of ERG findings 

Scotopic Threshold Response (STR) Rod Intensity-Response Function 

MPA(mV) MPL (msec) MP! (IogU) Log Vmax LogK Slope (n) 
±S.D. ±S.D. ±S.D. ±S.D. ±S.D. ±S.D. 

xL-RP carriers 14.77 ± 6.29 157.43 ± 19.84 3.49 ± 0.42 2.75±0.17 2.1I±0.17 0.92 ± 0.09 
(n = 10) 
controls 34.6 ± 10.6 146.8 ± 16.8 3.06 ± 0.32 2.79 ± 0.07 1.83 ± 0.19 1.05 ± 0.14 
(n = 10) 

T-test (p value) 0.001 0.056 0.58 0.16 0.0001 0.008 

STR characteristics can be altered by administrating several neurotransmitters and 
their inhibitors in experimental conditions (12,16,17), as well as in different human retinal 
affections. This has been demonstrated both in overt [diabetic retinopathy (21 ), xL juvenile 
retinoschisis (22), central retinal vein occlusion (23), CSNB (24,25), and Goldmann-Favre 
syndrome (26)] and subclinical conditions [diabetic patients with no evidence of diabetic 
retinopathy (27,28), mild myopia (29)]. All these clinical observations have confirmed the 
post-receptoral origin of the STR. 

The STR abnormalities, the significant reduction of the slope of the intensity-re
sponse function, and the increased semi saturation constant detected in xLRP carriers 
observed here were found in the presence of normal maximal ERG parameters. On average, 
rod log V max almost overlapped measures from control subjects, although two cases showed 
frankly subnormal final amplitudes. Also the intensity-latency function did not contribute to 
a clear-cut differentiation between the two groups. In fact, in spite of being slightly slower 
than normal on average (at least at higher intensities), rod b-wave latencies did not differ 
significantly from controls. These findings are not in line with many of the previous reports, 
in which various alterations of standard ERG procedures were found, as well as for the rod 
log V max' We wonder whether this might simply reflect genetic heterogeneity (e.g., Latin vs. 
Anglosaxon pedigrees), or if other explanatory mechanism should be claimed (e.g., techni
cal). 

Data from this investigation further suggest that xLRP carriers might have a distur
bance of the integration of rod responses. This alteration could be at any level of the rod 
intraretinal microcircuitry, i.e. affecting either the synapsis between rods and rod bipolars, 
rod bipolars themselves, or rod-driven amacrine cells (particularly, A II and A 17 subsets). 

An abnormality of the rod to rod-bipolar (ON-) synapsis could account for a disturbed 
transmission to second order neurons, and therefore to an overall impairment ofpost-recep
toral amplifying mechanisms. An additional hypothesis could be an altered release of 
neurotransmitters (e.g., glycine or GABA) at the level of these second neurons. Most likely, 
either one of these possibilities should also determine altered 10gK values at the rod b-wave 
intensity-response function analysis, and this was actually the case. 

However, carriers in this study eventually reached normal rod response amplitudes, 
suggesting that their defect affects rod sensitivity only at threshold and deep scotopic stimuli, 
but not at higher intensities. The reduced sensitivity of their rod pathways might therefore 
affect only the slow and sensitive 1to channel, leaving unaffected the transmission at higher 
intensities along the faster 1to' channel (33,34). It can be suggested that the first one is the 
STR channel, passing through either A II or A 17 amacrine cells' subsets, and the latter shunted 
laterally to the cone ON-bipolars. Therefore, the level where the no pathway could be affected 
remains to be determined: the defect could well be also at the level of rod-driven amacrine 
cells themselves, either intracellular or at the level of their surface neurotransmitter receptors, 
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or secondary to an overall defective transmission of the signals along the 11:0 pathway 
preceding the rod-bipolar to amacrine-cell synapsis. 

Finally, some abnormality of the Muller cell response to the light-evoked K+ fluxes 
could be postulated, either due to an intrinsic defect of Muller cells or to an anomalous 
intraretinal environment (e.g., ionic, metabolic, or structural). However, this last hypothesis 
seems less likely, in that a disturbance at the level of Muller cells should also affect ERG 
b-wave characteristics, which was not observed in this study. 

The mechanisms underlying the above described alterations of the STR and rod 
intensity-response function remain so far speculative. More studies on experimental models 
of retinal degenerations need to be performed as well as further electroretinographic data 
need to be collected from clinical cases to attempt a reliable explanation of such abnormali
ties. Whatever the meaning of such rod electroretinographic alterations, this study suggests 
that they might provide an additional diagnostic tool for the identification ofxLRP carriers, 
especially those with minimal fundus changes and/or in case of normality of other functional 
and electroretinographic tests. The 10gK values of the rod ERG intensity-response function 
and the STR amplitude appear to be the most appropriate parameters to identify all xLRP 
carriers, irrespective of genetic heterogeneity, and should always be performed in those 
individuals at risk of being carriers with other normal or uncertain findings. It will be the 
object of our future investigations to see whether xL-RP2 and -RP3 carriers can be 
distinguished by different abnormalities of the rod-driven retinal microcircuitry, and if so, 
to what extent. 
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SUMMARY 

Recently, a missense mutation (His258Asn) has been identified in the p-subunit of 
rod cGMP-specific phosphodiesterase in a large multigeneration Danish family, in which 
autosomal dominant congenital stationary night blindness (adCSNB) is segregating. The 
mutation was shown to cosegregate with the disease phenotype. Here we report the ERG 
findings obtained on night blind members of two additional Danish families carrying an 
identical mutation. Electrophysiological findings are consistent with the hypothetical 
pathomechanism of a light-independent hyperpolarization of rod photoreceptors in CSNB. 
Variable expression of the mutation may account for individual differences in residual 
scotopic rod activity. Reports on impaired electroretinographic cone activity in cases of 
adCSNB might indicate genetic heterogeneity in adCSNB. 

INTRODUCTION 

Early reports on electrophysiological findings on subjects with congenital stationary night 
blindness (CSNB) and normal fundi demonstrated two basically different electroretinographic 
(ERG) patterns (1,2). This distinction has been widely adopted (3-6) and, in addition to the pattern 
of inheritance, ERG findings have become the most frequently used criteria for classification of 
CSNB. Auerbach et al. (4) subdivided the negative or Schubert-Bomschein type ERG into three 
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subgroups according to the presence and characteristics of the b-wave. Miyake et al. (6) suggested 
another subclassification of CSNB with negative ERG in complete and incomplete type. 

There is only a very limited number of reports on ERG findings in patients from 
families with autosomal dominant congenital stationary night blindness (adCSNB). Two of 
the three patients reported by Riggs (2) belonged to an American family with adCSNB (7). 
Francois et al. (8) described a Riggs-type ERG in a member of the 'historical' Nougaret 
pedigree first reported in 1838 by Cunier (9). It is generally believed that there is not a tight 
correlation between the ERG type and the inheritance pattern (4). Indeed, ERG findings from 
subjects with adCSNB differ considerably with respect to amplitudes and temporal charac
teristics of both the rod and cone photoreceptor responses suggesting a pathophysiological 
heterogeneity and, therefore also a heterogeneity at the molecular genetic level. 

From a clinical point of view there is a strong demand for correlating phenotype with 
genotype. Here we report the ERG findings obtained on two subjects with autosomal 
dominant CSNB associated with a missense mutation in the gene encoding the ~-subunit of 
the rod cGMP-specific phosphodiesterase WPDE), a key enzyme in phototransduction. 

Subjects and methods 

Two Danish night blind subjects from families with autosomal dominant transmission 
of the trait were examined. 

Case 1 is a 31-year-old female. Her father, paternal grandfather and greatgrandfather 
all were reported being night blind without any visual problems at day time. The proband 
has been night blind as long as she remembers. A routine eye examination disclosed normal 
visual acuity, emmetropia, and unremarkable slit lamp and ophthalmoscopic findings. 
Genealogical studies revealed that the proband belonged to the large multigeneration Danish 
adCSNB family first described in 1909 by Rambusch (l0) and reascertained recently (11). 

Case 2 is a male, born in 1969, who first came to us for examination in 1987. He has 
been night blind from early infancy. The same feature was present in several other family 
members, including his deceased father, paternal grandfather, and the grandfather's mother. Of 
the eleven children of his grandfather, eight suffered from congenital night blindness. Many of 
the patient's cousins and their children were also affected, although none of these relatives were 
available for clinical examination. The patient's father was reported to have had tunnel vision. 
According to the medical records of a local eye hospital, a paternal uncle of the proband suffered 
from typical retinitis pigmentosa (RP). The remaining family members had no anamnestic signs 
ofRP. Genealogical studies have suggested, although could not yet confirm a link between this 
kindred and the 'Rambusch family' originating 200 km further north (10, 11). 

For intensity-response measurements and time-response relationship during dark 
adaptation, normal ERGs with average recordings were selected from a control sample (21 
subjects, aged between 15-67) of unaffected persons. Data of 42 unaffected subjects, aged 
13-42, served as control for photopic single flash recording and photopic 32 Hz flicker 
response. Informed consent was obtained from both the night blind subjects and controls. 

Ophthalmological examination included a measurement of visual acuity, slit lamp 
examination, and ophthalmoscopy through dilated pupils. Dark adaptation was measured 
with a Goldmann-Weekers equipment following the protocol of integral technique with 
diffuse lightning of the bowl. Photopic visual fields were measured with a Goldmann 
perimeter using object size of 4 mm2 and relative intensity 1.00. 

Corneal ERGs were recorded from one eye with a Burian-Allen monopolar electrode 
wetted with methylcellulose. Pupils were dilated with 1 % cyclopentolate, and corneal anesthe
sia was achieved with I % tetracaine. The indifferent electrode was a chlorided silver-disc 
placed on the middle of the forehead, while the ground electrode was placed on the ipsilateral 
ear lobe. The examination was done with the patient being in horizontal position. 
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Light flashes were produced by a Grass PS22C photostimulator illuminating a LKC 
Ganzfeld 2503 bowl equipped with a weak central red fixation diode. Flash intensities and 
background illumination were measured with a Mastersix system exposure meter (Gossen, 
Erlangen, Germany; ISCEV newsletter, February 1991). ERGs were recorded by a 4-channel 
averager system (Dantec Evomatic 4000) with digital X-Y plotter. The frequency range was 
0.2-1000 Hz, except for recording oscillatory potentials, where the range was 100-1000 Hz 
(analog filter, -3 dB). The following ERG recordings were done: i) Scotopic recordings (after 
30 min dark adaptation) as a function of flash intensity (white), from below the b-wave 
threshold and in steps of 0.5-1.0 log (Kodak neutral density filters) to the maximum available 
intensity of Grass step 16, equivalent to 5.0 cds/m2. Flash intervals were 5 sec for weak 
flashes and increased stepwise to 20 sec for the higher intensities. 3-5 responses were 
averaged for every intensity step. ii) Responses to single white flashes of Grass step 4 (1.0 
cds/m2) as a function of increasing dark adaptation after turning off the background 
preadapting illumination, 17 cd/m2 applied for 10 minutes. iii) Photopic cone recordings 
(white background illumination, 17 cd/m2 as preadaptation for 10 min) with single white 
flashes (5-10 averaged responses to Grass step 4 flashes, 1.0 cds/m2), 32 Hz white flicker 
(1.0 cds/m2, 20 series were averaged after discarding the first responses) , and scotopic cone 
recordings (after 30 minutes dark adaptation) with 32 Hz white flicker (1.0 cds/m2, 20 series 
were averaged after discarding the first responses), iv) Oscillatory potentials (after 30 
minutes dark adaptation) were evoked by white flashes, Grass step 4 (1.0 cds/m2), 5 averaged 
responses after having discarded the first 2 responses. In order to obtain maximal amplitudes, 
flash intervals were IS sec with a frequency range of 100-1000 Hz (analog filter, -3 dB). 

RESULTS 

Ophthalmological examinations of the night blind subjects revealed normal visual 
acuities (l,0 without glasses) and no signs of retinal dystrophy. Visual fields had normal 
outer limits, and no scotomas were found besides the normal sized blind spots. Dark 
adaptometry in case 1 showed a biphasic-like course with a break point after 5 minutes in 
the dark (Fig. 1). The first phase was delayed and moderately elevated, while the second one 
was severely attenuated with a final threshold elevation of approximately 2.5 log units. For 
case 2, dark adaptometry was performed in two instances (only one of them is shown) and 
demonstrated a rapid initial phase with approximately 2 log unit sensitivity-gain during the 
first 3 minutes in the dark. After about 8 minutes a second threshold attenuation of 
approximately 0.5 log unit was observed (Fig. I). 

Fig. 2 shows dark adapted ERGs of the two probands following single flash stimu
lations of different intensities. 

The reduced rod-sensitivity of the night blind subjects is reflected by a log 2-increase 
in the flash intensity necessary for a minimal response. a-waves appear both in the night 
blind subjects and in the unaffected control at equal stimulus intensity indicating a normal 
a-wave threshold in the former ones, whereas a-wave amplitudes are diminished at all 
stimulation intensities in the CSNB subjects. a-Wave amplitudes increase with growing flash 
intensities which, together with the severely reduced b-waves, give rise to a 'negative' ERG 
configuration in the two night blind cases. a-Wave implicit times seem to be of the same 
magnitude in the night blind persons and the control. 

Both patients exhibit b-waves with diminished amplitudes and reduced implicit 
times. In case I only one b-wave is seen, while in case 2 the b-wave is represented by two 
positive deflections, an early wave (b l ) with implicit time of about 34 msec, and a late 
positive one (b2) with implicit time between 100 and 110 msec (arrows), reflecting probably 
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Figure 1. Course of dark adaptation (integral technique a.m. Goldmann-Weekers) in two night blind subjects. 
Recordings from case I (squares) and case 2 (circles) are compared to those from a normal subject (triangles). 
Final thresholds are elevated by 2-2.5 log cd/m2 in the night blind individuals. Note the cone-rod transition 
with a small residual rod activity in the recording from case 2. Although both case I and case 2 carry the same 
pPDE-mutation. their clinical data differ to some extent. 

residual rod activity. The early b l -wave represents the cone component and displays marked 
superimposed oscillatory on-potentials. 

Fig. 3 demonstrates the ERG responses to a series of single flashes (1.0 cds/m2) 
during the first 30 minutes of dark adaptation. 
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Figure 2. Scotopic ERG responses to single white flashes of increasing intensities from a normal control (left) 
and the two night blind subjects (case I, middle; case 2, right). Intersection of tracings with luminance axis 
indicates flash intensity (log cds/m2) and time of flash presentation. Note the different amplitude scales used 
for the normal subject and the night blind subjects. 
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Figure 3. ERG responses to a standard flash in the dark as a function of time afterthe tum-off of a light adapting 
background. Each recording represents a single flash (1 cds/m2) from a normal subject (left) and the two night 
blind subjects (case I, middle; case 2, right). Intersection of tracings with time axis indicates the time of flash 
presentation. Note the different amplitude scales used in the normal subject and the night blind subjects. 

Shortly after the light has been turned off, the ERG is characterized by a photopic 
wave-fonn including prominent off-responses (14) which look identical in the control and 
night blind subjects. Yet, the rise of a rod brcomponent, as seen in the nonnal person after 
about 10 min, is absent in case I and significantly reduced and remains separated from the 
bl-component in case 2. 

Fig. 4 presents cone responses from the two night blind subjects compared to those 
of an age-matched typical nonnal subject. 

In the night blind subjects, photopic single flash elicited in case 1 and 2, respectively, 
b-wave amplitudes of 147 and 236 /-lV (nonnal median: 137/-lV with range: 62-312) with 
implicit times of 29.8 and 30,4 msec (nonnal median: 29.5 with range: 24-32.8). 32 Hz 
flicker responses had nonnal amplitudes of 100 /-lVand 112 /-lV (nonnal median: 107 /-lV, 
range: 56-249) and implicit times of 28.1 and 28,8 msec (normal median: 26 msec, range: 
23.2-31.2) in case I and 2, respectively. The flicker response of case 2 was double-peaked. 
Responses to photopic balanced red and green single flashes and blue cone responses (not 
shown) were also within nonnallimits. Fig. 4 also shows the scotopic 32 Hz flicker responses 
and scotopic oscillatory potentials, compared to those of an unaffected person. It should be 
noted that flicker amplitUdes show no dark-to-light rise in the night blind cases, whereas the 
dark/light ratio was nonnal in the unaffected subject. 

DISCUSSION 

Here we report extensive electrophysiological data obtained by studying two subjects 
with CSNB and a missense mutation in the p-subunit of rod cGMP-specific phosphodiesterase. 
The clinical examination excluded the presence of retinitis pigmentosa or any other progressive 

retinal dystrophy in both probands. Case 1 belongs to a large family, in which adCSNB is well 
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Figure 4. ERG responses from a normal subject (left) and the two night blind subjects (case I, middle; case 
2, right). The two upper lines were recorded in light adapted state (LA), while those on the bottom in dark 
adapted state (DA). First upper line: averaged cone responses from 5 single white standard flashes (I cds/m2 
), second upper line: averaged 32 Hz flicker responses (light adapted). First bottom line: averaged 32 Hz flicker 
responses (dark adapted), second bottom line: on-oscillatory potentials. Calibration scales indicate amplitudes 
in J.l V (vertical) and time in msec (horizontal). 

documented. The diagnosis of CSNB in case 2 can be questioned due to the RP of his father 
and paternal uncle. Yet, due to a number of facts, the diagnosis of RP with largely variable 
expression seems to be less likely in this family. Firstly, according to anamnestic information, 
most night blind family members retained good visual acuity throughout life. The two 
individuals with reduced visionIRP were regarded clearly different from other (night blind) 
family members. Secondly, having observed our patient during the last 7 years, we have found 
no clinical signs of RP. Finally, the presence of the same ~PDE-mutation as in an undisputed 
adCSNB family strongly supports the diagnosis of CSNB. On the other hand, we can not 
exclude that the occurrence of RP in this family is not incidental. As mutations in the ~PDE 
gene have been found in patients with autosomal recessive RP (15), we have to consider the 
possibility of a compound heterozygosity for an RP-allele and the 'adCSNB-specific' 
His258Asn mutation that, together, may lead to photoreceptor degeneration. The contribution 
of a nonallelic mutation ('digenic RP') can be another explanation. Interestingly, RP was also 
ascertained in a congenitally night blind subject from the large 'Rambusch' -pedigree (11). 

Based on extensive psychophysical and electrophysiologic studies on night blind 
subjects, it has been suggested that the pathological process, i.e. the loss of scotopic 
sensitivity, is within the rod photoreceptors in adCSNB possibly affecting the phototransduc
tion enzyme cascade or the dark current of the rod outer limb membrane (5,16-18). Our 
finding of a mutation in the ~-subunit of the rod cGMP-specific PDE in affected individuals 
from a family with adCSNB (12) is in keeping with the above mentioned hypothesis. In view 
of the predicted His258Asn amino acid substitution in the PDE ~-subunit polypeptide, we 
proposed a hypothetical mechanism in which PDE complexes with mutant ~-subunits remain 
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permanently active due to an impaired binding of the inhibitory PDE y-subunit, thus keeping 
dark adapted cytoplasmic cGMP-leveis abnormally low. In consequence, cGMP-gated cation 
channels would remain (partially) closed in the dark, and rod photoreceptors remain 
permanently hyperpolarized and desensitized. This hypothesis seems to fit in well with the 
above mentioned deductions from clinical studies. 

Dark adapted ERG responses to white flashes of varying intensities recorded in the 
two night blind subjects (Fig. 2) demonstrate a highly desensitized photoreceptor system 
with a threshold elevation of approximately 2 log units. In unaffected control persons, high 
intensity flashes elicit mixed cone-rod responses. In contrast, both the a- and b-wave 
amplitudes and implicit times seem to indicate that the corresponding responses are mediated 
exclusively by cones in the night blind subjects. In addition, the presumed rod-generated b2 

-waves are clearly separated from the larger and faster cone b l -waves in case 2. The 
presumed rod origin of the slow bTwave is supported by its absence in the dark adapted 
response during the first minutes in the dark following a preadaptive bleach (Fig. 3). 
Furthermore, the bTwave emerges at the same time, after about 8 min, as the cone-rod break 
is noticed in the psychophysical dark adaptation curve (Fig. 1). 

A lack of rod contribution to dark adapted ERG in adCSNB has been reported by 
several authors (5,7-8,20-22). Technical imperfections of the pioneer studies might have 
erroneously led to this conclusion. Nevertheless, as early as in 1954, Riggs was able to 
demonstrate a small, though consistent increase in response during the later stage of dark 
adaptation and mentioned the possibility that some slight 'scotopic' activity is present (2). 
Sharp et al. (18) demonstrated also a small rod response in a patient from a Sardinian 
pedigree. In fact, severely depressed or absent rod activity reflects merely quantitative 
differences, which may be due to variable gene expression, provided that different adCSNB 
harbour the same mutation. The two cases in our report are good examples of such 
differences. 

A variant type of negative ERG was reported in an adCSNB family by Noble et al. 
(19). We suggest that the 'negative' response in that case is merely the consequence of the 
high flash intensity used. Even in the 'His258Asn'-type CSNB, 'negative' response is 
obtained with very bright flash stimuli (cf. Fig. 2). In contrast to the Schubert-Bornschein 
type 'negative' ERG, in which oscillatory potentials are missing and suggest a postreceptoral 
pathogenesis of CSNB, the presence of significant cone on-oscillations points indirectly to 
a photoreceptor defect in our cases. 

Conflicting data exist with regard to cone photoreceptor signals in adCSNB. Photopic 
single flash responses as well as both photopic and scotopic flicker responses were found to 
be normal or slightly below normal (2,8,18-23). In contrast, other authors demonstrated 
severely reduced and/or delayed photopic responses (4,5,24). This may indicate genetic 
heterogeneity within the group ofadCSNB. Alternatively, these combined rod-cone dysfunc
tions may be due to a retinal dystrophy of very mild course. The clinical distinction between 
photoreceptor dystrophies, e.g. RP, and retinal dysfunctions, e.g. CSNB, is challenged by 
the repeated finding that different mutations of the same gene may result either in one or the 
other of the above disorders (for details see ref. 12). Further molecular studies of these allelic 
conditions might throw light upon the process of photoreceptor cell death following impaired 
phototransduction in some kinds of retinitis pigmentosa. 
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INTRODUCTION 

As primary structural components of phospholipids, fatty acids are major building 
blocks of cell membranes. The 0)3 long-chain polyunsaturated fatty acid, docosahexaenoic 
acid (DHA; 22:60)3) is one of the most unsaturated fatty acids in the human body and is 
highly enriched in membrane lipids of rod photoreceptors (I). Several lines of evidence 
suggest that the accumulation of DHA in retinal membranes is important for normal retinal 
function. Abnormal electroretinographic (ERG) responses to light stimuli have been reported 
in DHA deficient animal models and human infants (2-6). Rat and monkey models made 0)3 
fatty acid deficient by feeding modifications express abnormalities in a- and b-wave ERGs 
(2-4), We found delayed maturation of rod ERG responses associated with reduced blood 
lipid levels of DHA in pre-term infants that received a commercial com-oil-based formula 
compared to infants fed breast milk or experimentally-enriched DHA-containing formula 
(5,6). Although the physiological consequences ofDHA deficiency are functionally demon
strable, the interaction of membrane-bound DHA with proteins and enzymes of the pho
totransduction cascade is likely to be a complex function of biochemical and biophysical 
parameters unique to the highly unsaturated hydrocarbon chain of DHA. 

In the past decade, numerous investigators have reported abnormal levels ofDHA in 
plasma lipids of patients with the autosomal dominant form ofRP (adRP), x-linked RP (xIRP) 
and Usher's syndrome (7-15). Our studies have focused on red blood cell (RBC) lipids as 
an index of fatty acid status primarily because the fatty acids in RBCs are associated with 
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structural membrane lipids and are correlated with fatty acid profiles of both retinal and 
neural tissues (16,17). Furthermore, RBC lipids are less sensitive than plasma lipids to 
dietary fluctuations, and represent a longer-term fatty acid status in patients. 

In adRP, specific mutations in the genes for proteins and enzymes vital to visual 
transduction presently account for RP in approximately one-third of the patients (18-20). 
Approximately 80 different loci in the gene for rhodopsin have been identified as mutation 
sites; additional mutations have been described in the peripherin gene (20,21). In some 
families, a combination of the unlinked alleles for two rod outer segment membrane proteins, 
peripherin and ROMI, appears to act in a recessive manner, resulting in digenic inheritance 
of the retinal degeneration (22). Gene mutations for the rod ~-subunit of cGMP phosphodi
esterase have been associated with photoreceptor degeneration in autosomal recessive RP 
(23). In xlRP, two chromosomal defects have been localized near Xp21 and Xpll.3, although 
candidate genes have not been identified (24). Although many of the fatty acid dispropor
tionalities in RP are minor compared to controls, these subtle changes may have a significant 
impact on visual function if persistent over many years. This may be of particular importance 
for a patient who has visual function further compromised by a gene mutation. We suggest 
that a secondary factor, such as sub-normal levels ofDHA in target tissues, may result in an 
unfavorable membrane environment and further impair the function of mutant gene products. 

METHODS 

Patients with known (~3 confirmed generations) or probable (2 confirmed genera
tions) adRP (n=81, mean age ± ISD = 42 ± 19 years) or confirmed xlRP (n=18, 22 ± 18 
years) were recruited for studies. Diagnoses of xlRP was defined by the presence of at least 
two affected male relatives, an absence of male-to -male transmission, and either the patient's 
mother or daughter expressing characteristics consistent with an xlRP carrier state (25). 
Normally-sighted control subjects (n=62, 31 ± 18 years) were recruited only to provide blood 
samples. All subjects signed informed consent forms approved by the Institutional Review 
Board on Human Subjects of the University of Texas Southwestern Medical Center and were 
recruited in accordance with the tenets of the Declaration of Helsinki. Blood samples (10ml) 
were obtained by venipuncture from an arm vein; most patients were fasted for 12 hours. 
Gene mutation analysis was conducted in collaboration with Steven Daiger (University of 
Texas at Houston) using single-strand conformational polymorphism analysis and allele-spe
cific oligonucleotide detection following polymerase chain reaction (21 ). 

Fatty Acid Analysis 

Lipids were extracted from red blood cells according to the procedure of Bligh and 
Dyer (26). Fatty acid methyl esters were prepared under N2 using boron trifluoride/methanol 
heated at 1 OO°C for 20 minutes. Thirty fatty acid methyl esters were separated and quantified 
using a Supelco Omegawax (0.25mm x 30m) capillary gas chromatography column. Details 
of the methodology have been described (15,27). 

Visual Function 

Full-field ERGs were obtained with a bipolar contact-lens electrode. Signals were 
amplified (x 10,000) and averaged (n ~ 20) by computer after eliminating responses 
containing artifacts over twice the signal amplitude. Testing included the protocol recom
mended by the International Standards Committee of the International Society for the 
Clinical Electrophysiology of Vision (28). In addition, dark-adapted mixed cone-rod re-
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sponses were obtained with 1.0 log photopic td-sec red stimuli presented at 1.0 Hz. Rod 
ERGs were elicited with blue flashes scotopically-matched to the red stimuli. Dark-adapted 
cone-only ERGs were derived by digitally subtracting the rod ERG to the blue stimulus from 
the mixed cone-rod response to the red stimulus. Responses were considered to be non-de
tectable if the peak-to-peak amplitude measured less than 2.0 J.l V. Details have been described 
(29). 

RESULTS 

Our studies have focused on analysis of fatty acids in RBCs primarily because the 
lipids in this target tissue reflect a long-tenn fatty acid status in patients. In contrast, plasma 
lipids respond rapidly to changes in dietary fat intake. In our studies offatty acid distributions 
in patients with adRP, initial samples (n=3S) were obtained without fasting. Fatty acid 
analysis ofRBCs from 14 adRP individuals demonstrated no significant differences in DHA 
content between fasted and unfasted patient samples (3.27 ± 0.91% vs. 3.32 ± 0.89%, 
respectively). Nevertheless, to pennit comparisons between fatty acid levels in plasma lipids 
with those in RBC lipids, all recent data in our laboratory have been obtained from fasted 
individuals. 

Fatty acids were analyzed in RBC lipids obtained from 81 patients with adRP and 
compared to those of 62 nonnally sighted controls. Shown in Figure 1 is the distribution of 
DHA levels found in the adRP patients. Although the average level of DHA in the RBCs of 
adRP patients (3.13 ± 0.81 % of total fatty acids) was significantly (p < O.OS) below the mean 
of the controls (3.44 ± 0.92%), there was considerable variability among the patients. Mass 
analysis of the DHA concentration in RBCs similarly showed a significant (p<O.OOOS) 
decrease in the adRPpopulation (2S.2 ± 8.2 J.lg DHA! ml packed RBCs) compared to control 
subjects (33.S ± 10.3 J.lg! ml). Amplitudes and implicit times for ERG responses to standard 
stimuli were not significantly correlated with DHA values. However, the ratio of rod ERG 
amplitude to either dark-adapted cone amplitude or light-adapted cone amplitude was found 
to correlate significantly with the DHA content in RBCs of adRP patients (p= 0.048 and p= 
0.003, respectively). Stepwise multiple regression analysis indicated that DHA but not age 

Patients witlt adRP (n=81) 

Figure 1. Distribution of docosahexaenoic acid (DHA) in red blood cells (RBCs) of patients with autosomal 
dominant retinitis pigmentosa (adRP). Bars represent the DHA level in RBCs of each patient. The solid line 
represents the mean DHA level in RBCs of normally-sighted controls ± SD (dashed line). Known rhodopsin 
gene mutations (Asp 190Asn, Pro23His, Leu46Arg) are noted above bars. 
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was a determinant in the regression equations for rod-to-dark- or light-adapted cone re
sponses. To date, rhodopsin gene mutations have been identified in fifteen of our adRP 
patients. As shown in Figure 1, patients with rhodopsin mutations manifest a wide range of 
RBC-DHA levels although all but one are below the mean of control subjects. 

Environmental factors such as diet or general physical activity of the visually-im
paired have been considered as possible contributing factors to alterations in blood levels of 
fatty acids. To address this concern, we analyzed fatty acids in RBCs of five patients having 
no-light-perception for least nine years. The patients had retinal detachments attributed to 
retinopathy of prematurity (n=3) or of undetermined origin (n=2). DHA levels in these 
patients were not significantly different from normal; means (±SD) were 3.67 ± O.SI % of 
total fatty acids and 34.4 ± S.7 Ilg/ml RBC (t=0.49, p=0.6 and t=0.17, p=O.S vs. controls, 
respectively). Total 003 and 006 long-chain polyunsaturated fatty acids in these patients were 
indistinguishable from control values. 

Patients with xlRP are a more homogenous popUlation with two major gene muta
tions. Among the two mutations, RP2 and RP3, the RP3 form is most prevalent comprising 
from 75% to 90% of the patients (30). The xlRP sub-type is also considered one of the most 
severe forms of RP due to an early onset of symptoms (age 5-10 years) often resulting in 
functional blindness by age 20. A cohort of IS patients were recruited and found to have 
markedly reduced levels ofRBC-DHA (Figure 2). As a group, the DHA level in xlRP (2.46 
± 0.55%) was significantly lower (p<0.0005) than normally sighted controls (3.44 ± 0.92%) 
and the levels for all patients were below the mean normal value. 

By examining differences in the levels of the 003 and 006 fatty acids for control 
subjects and patients with xIRP, precursor-to-product shifts can be used to localize specific 
impairments in fatty acid metabolism. In Figure 3, the relative levels of each fatty acid in 
the 003 pathway are presented for control subjects and xlRP patients. There was a break in 
003 fatty acid metabolism centering on eicosapentaenoic acid (20:5003) such that the xlRP 
patients had higher levels of IS-carbon precursors (1S:3oo3 and IS:4oo3), no difference in 
20:5003, and 20% to 40% lower levels of the 003 long-chain derivatives, 22:5003 and 22:6003 
than controls. In contrast, there was no obvious break in metabolism of the 006 fatty acid 
series in the xlRP group compared to control subjects. Further analysis of prod uctl precursor 
pairs in a sub-group ofxlRP patients and controls revealed that the elongation steps (addition 
of 2-carbon units to the fatty acid) for saturates, monounsaturates, 003 and 006 fatty acids 
were all lower for the xlRP group than controls. By contrast, fatty acid ratios for desaturation 
reactions (addition of double bonds to the fatty acid) were not different between the xlRP 
and control groups. 

Patients with xJRP (n=18) 

Figure 2. Distribution of docosahexaenoic acid (DHA) in red blood cells (RBCs) of patients (n=18) with 
x·linked retinitis pigmentosa (xIRP). The mean normal value (solid line) is 3.44±O.92% of total fatty acids 
(n=62). 
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Figure 3. Profiles of (03 fatty acids in patients with x-linked retinitis pigmentosa (xIRP, n=18) and nonnally
sighted control subjects (n=62). Significant differences between patients with x!RP and control subjects were 
detennined by t-tests and indicated by p values. 

To assess the physiological significance of reduced blood levels ofDHA in the xlRP 
patients, electrophysiologic parameters of retinal function were compared to RBC-DHA 
content. Due to severity of the disease, fourteen of the 18 xlRP patients did not have 
detectable rod ERG responses preventing a comparison of rod photoreceptor status with 
RBC fatty acid content. All patients showed significant elevations in final visual threshold 
after 45 minutes of dark adaption. Visual fields showed varying degrees of constriction in 
general agreement with ERG amplitudes. Due to intrafamilial similarities, only one member 
per family was selected for statistical comparisons between retinal function and RBC-DHA 
levels. A stepwise mUltiple regression analysis revealed that RBC-DHA accounts for 55% 
of the cone amplitude to maximal stimulus (p = 0.002), 44% of cone amplitude to 30Hz 
flicker (p = 0.0001) and 38% of the cone implicit time to 30Hz flicker (p = 0.033). 

A dietary supplementation trial utilizing fish oil enriched in the w3 fatty acids, DHA 
and eicosapentaenoic acid (EPA, 20:5(3) was conducted to evaluate the efficiency of adRP 
patients for gastrointestinal absorption and incorporation of these fatty acids into target 
tissues (i.e., RBCs). Three patients with adRP and three normally-sighted controls followed 
the study protocol that consisted of a 12-week w3 fatty acid restricted diet; after the sixth 
week the participants were provided supplements of3g per day ofa fish oil concentrate (0.7g 
DHA and 1.3g EPA daily) for six weeks. After the supplementation period, the levels in RBC 
lipids of the major w3 long-chain derivatives, 20:5w3, 22:5w3, and 22:6w3, were elevated 
in both adRP patients and controls by approximately 600%, 40% and 50%, respectively, 

Figure 4. Incorporation into red blood cells (RBCs) of eicosapentaenoic 
acid (EPA, 20:5(03) and metabolism to docosahexaenoic acid (OHA, 22:6(03) 
in patients with autosomal dominant retinitis pigmentosa (adRP, n=3) and 
controls (n=2). Bars represent percent of tot a! fatty acids for EPA, docosap
entaenoic acid (OPA, 22:5(03) and OHA in subjects at pre- and post-EPA 
supplementation time points. 



390 D. R. Hoffman et al. 

compared to pre-supplementation levels. A two-way analysis of variance for each fatty acid 
demonstrated no significant differences in ro3 fatty acid uptake into RBCs between the adRP 
patient and control groups. 

A subsequent supplementation trial addressed the metabolic conversion of the ro3 
precursor, EPA (20:5ro3) to the intermediate docosapentaenoic acid (DPA, 22:5ro3) and to 
the ro3 end-product DHA (22:6ro3) in adRP patients with rhodopsin gene mutations. 
Participants with low DHA levels were selected for study and included two adRP patients 
with Pro23His mutations, one patient with a Leu46Arg mutation, and two normally-sighted 
controls. The protocol involved a 9-week ro3 fatty acid restricted diet; during the last three 
weeks the diet was supplemented with a highly purified preparation (99.4%) of EPA ethyl 
ester (3g per day). Shown in Figure 4 are 20:5, 22:5, and 22:6 levels in RBCs of controls 
and adRP patients at pre- and post-supplementation. EPA supplementation resulted in 7-fold 
and 4-fold increases in 20:5ro3 in RBC lipids of patients and controls, respectively. Three 
weeks of EPA supplementation increased the level of the intermediate, DPA (22:5ro3), 
relative to pre-supplementation values by 66% in adRP patients and by 30% in controls. The 
DHA (22:6ro3) level in RBCs of controls was elevated by 27% following the 3-week EPA 
enrichment period. In contrast, the DHA levels were unchanged in adRP patients during EPA 
supplementation. This marked difference in elevation of RBC-DHA between controls and 
adRP patients is consistent with a reduced rate of EPA-to-DHA conversion in some adRP 
patients. 

Neither the brief 6-week trial with fish oil supplementation nor the short 3-week 
intervention with EPA ethyl ester affected retinal function over the entire trial periods (12 
weeks with the fish oil supplementation, 9 weeks with the EPA supplementation) as indexed 
by full-field ERGs. 

DISCUSSION 

Any consideration of the causes of visual loss in RP must begin with genetic 
determinants. However, clinical correlations with gene mutation data have proven to be 
extremely complex because ofthe numerous mutations within the adRP popUlation and there 
is no clear association between genotype and phenotype, even within family members. The 
variability may partially be due to environmental factors, including diet. Our studies are 
focused on defining possible extra-genetic factors that may impact on the severity of disease. 
Of particular significance to us is the lipid composition of the membrane environment of 
proteins and enzymes associated with visual function. 

In our present adRP population, the levels of DHA in red blood cells showed marked 
heterogeneity. Comparison of rod-to-cone ERG amplitude ratios to RBC-DHA levels in our 
adRP patients (n=81) was statistically significant such that patients with reduced levels of 
DHA had correspondingly reduced rod function compared to cone function. In patients with 
the more severe x-linked disease, stronger correlations between cone ERG functions and 
RBC-DHA were found such that lower DHA values were associated with reduced cone 
amplitudes and longer b-wave implicit times. This association of electrophysiological 
responses in retinal tissue with DHA in circulating RBCs provides support for utilization of 
RBC lipids as an index of neural tissue fatty acid status. 

Even though mutations to retinal protein-specific genes are considered a primary 
cause of RP, the present data together with continued reports of lipid abnormalities suggest 
an associated defect in processing of fatty acids, particularly ro3 long-chain derivatives. 
These events may, in turn, influence membrane properties relevant to visual function. 
Presently, we only have a preliminary comparison of RBC-DHA levels to rhodopsin gene 
mutations in adRP patients. Of the fifteen patients with rhodopsin mutations, there was a 
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tendency for an association with reduced RBC-DHA levels since the majority of rhodopsin 
positive patients had sub-normal levels of DHA. 

One possible explanation for the reduced level ofDHA in blood lipids ofRP patients 
is that the w3 fatty acid is no longer needed by dysfunctional photoreceptors in the retina 
(31). Accordingly, in an otherwise healthy person with a degenerating retina due to RP, a 
molecular signal originating in the retina (a tissue of high DHA demand) might supersede a 
signal for DHA from the central nervous system (a tissue of similar high DHA demand). 
Patients with complete bilateral retinal detachment provide a suitable control group to 
evaluate this possibility since the patients have no retinal demand for DHA yet blood levels 
of DHA are within normal limits. This observation supports the concept of a unique 
metabolic defect associated with retinal degeneration in RP patients, and is not consistent 
with a negative feedback signal generated by the retina in RP patients to control blood DHA 
levels. 

DHA was the most notably effected fatty acid in RBCs of patients with the X-linked 
form of RP. As an approach to understanding the mechanisms responsible for the reduced 
blood DHA levels, we have compared the product/precursor ratios of fatty acid elongation 
reactions. These indices for elongation of saturated fatty acids, monounsaturated fatty acids, 
w6 series fatty acids and w3 series fatty acids were all significantly reduced in the patient 
popUlation compared to control subjects. An overall decrease in desaturation of membrane 
fatty acids was evident from the significant reduction in the unsaturation index ofRBC lipids 
from patients with xIRP. Although the desaturation indices for w3 and w6 fatty acids ofxlRP 
patients were not altered from controls, there was a significant decrease in w3-to-w6 ratios 
such that a metabolic impairment in w3 fatty acid metabolism to DHA was evident. 

Subsequent studies were designed to evaluate specific steps in metabolism of the w3 
fatty acid series. Our comparison of EPA and DHA uptake and incorporation into RBC lipids 
by dietary supplementation with a fish oil concentrate demonstrated equivalent handling of 
w3 fatty acids by adRP patients and controls. However, when specific conversion of EPA to 
DHA was examined in adRP patients by oral supplementation of a highly purified EPA 
preparation, the final step of DPA (22:5w3) to DHA (22:6w3) was apparently impaired 
compared to controls. It is possible that the fatty acid profile in circulating RBCs reflects 
hepatic impairment since liver is the most likely tissue for a fatty acid biosynthetic defect to 
occur. Alternatively, the defective regulation of systemic levels of DHA in RP patients may 
be attributable to a number of metabolic factors including: dysfunctional hepatic conversion 
of the parent w3 fatty acid, a-linolenic acid (18:3w3) to long-chain derivatives (31), impaired 
packaging of fatty acyl groups into triglycerides or phospholipids for lipoprotein transport 
(7,31,32), defects in the activities of specific DHA-binding or transport proteins in either 
the circulation or retinal tissues (33,34), dysfunctional peroxisomal metabolism (35), or 
impaired fatty acid elongation mechanisms (13,27). 

While specific gene mutations represent the primary cause of disease in retinitis 
pigmentosa, our findings raise the possibility that retinal DHA levels of patients ( indexed 
by RBC fatty acid analysis) may contribute to the heterogeneity in severity of disease found 
in many families with defined gene defects. Consistent with this concept is the statistical 
association between ERG functional outcomes and the level of DHA in blood lipids of RP 
patients, particularly in the more severely affected x-linked RP population. Furthermore, we 
suggest that the functional activity of defective gene products having a role in transduction 
of visual stimuli may be potentiated by optimizing the surrounding membrane environment 
in rod photoreceptors. Normalization of membrane-bound DHA in target tissues such as 
RBCs maybe a first step to delaying ERG functional loss in patients with early detection of 
RP symptoms. 
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INTRODUCTION 

44 

Interphotoreceptor retinoid binding protein (IRBP) is a large glycolipoprotein syn
thesized by photoreceptor cells of the retina and secreted into interphotoreceptor matrix 
(IPM) (I). It binds and transports retinoids and fatty acids in the IPM as illustrated in Figure 
1. 

Most studies of IRBP have employed bovine IRBP because of easy purification and 
accessibility of tissue. We have recently expressed the human cDNA for IRBP in insect cells 
using a recombinant baculovirus (7). Significant quantities of human recombinant IRBP can 
be obtained in this system. The goal ofthis study is to analyze the binding capabilities of the 
human protein and to begin to make and characterize mutants of IRBP. To understand the 
relationship between the protein structure and its functions, we need substantial quantities 
of recombinant human IRBP (rhIRBP). Here we report some binding properties of rhIRBP 
with ligands and their analogs that are likely to be physiologically important in the retina. 
We also report the preliminary characterization of altered rhIRBP DNA constructs that we 
will use to examine the relationships among the four repeats of the protein structure and 
putative ligand binding sites. 

METHODS 

RhIRBP was produced by cloning and expression in the baculovirus system as 
described (7). The essential steps in the cloning and expression via the baculovirus system 
are shown in Figure 2. 

The analysis of binding properties employed spectrofluorometry. To obtain binding 
curves, a small aliquot, usually 0.5 to 1 microliter, of a ligand was added to a fixed amount 
ofrhIRBP, and a measurement was made following a 100 sec equilibration. This was repeated 
20 to 40 times until about a 6-8 fold excess of the ligand over the anticipated Kd was 
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Figure 1. The Visual cycle. IRBP aids in the uptake of Il-cis-retinal into outer segments and in the uptake of 
all-trans-retinol into the retinal pigment epithelium (2-4). These two functions are presumed to be essential for 
vision in mammals as no other retinoid binding proteins are found in the IPM. Although vitamin A and its 
analogs are soluble in aqueous solutions, it is not clear that retinoids are sufficiently stable (5) or can pass 
between these two cells without the presence ofIRBP. Second, IRBP possesses a buffering capacity (6). which 
may be needed during light bleaching or dark adaptation. 

achieved. The ligand was dissolved at 40-500 micromolar concentration in ethanol. No more 
than 2% ethanol accumulated in the cuvette. The experiments were carried out at ambient 
room temperature. Plots of raw fluorescence versus total ligand concentration were con
verted to plots of free ligand versus bound fluorescence as described by Cogan et al. (10). 
To obtain the dissociation constant, we used a curvefitting algorithm, fitting the data to a 
simple hyperbola. Various retinoids were obtained from Sigma as indicated below. Fluores
cent analogs of fatty acids were obtained from Molecular Probes Inc. 

RESULTS 

Previous studies established that rhIRBP is structurally and functionally equivalent 
to authentic human donor-eye derived IRBP. These conclusions were reached by testing 
several attributes of two protein preparations. The attributes included size, antigenic epi
topes, charge, Stoke's radius, presence of mannose containing sugars, and amino acid 
sequence at the N-terminus. By all assays, the two preparations of protein are virtually 
equivalent (7). Thus, we believe that it is sound to use rhIRBP to study the properties of 
human IRBP. Only one minor difference between the two protein preparations was noticed. 
RhIRBP contains a five amino acid propeptide at the N-terminus as predicted from the cDNA 
sequence. Authentic human IRBP is a mixture of polypeptides with half containing the 
propeptide and the remainder lacking this N-terminal extension (II). A possible interpreta
tion of this result is that donor-eye derived IRBP has been partially matured or degraded in 
the IPM, which may contain a specific protease. We do not know if this has any relation to 
physiologic use. Thus, it is possible that either the RPE or photoreceptor membrane may 
contain the specific protease as part of a speculative docking receptor for IRBP. 
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Figure 2. RhlREP Production Scheme. I. The human lREP cDNA (8) was cloned into the expression 
transplacement vector pVLl392 (9). 2. This plasmid, pVL4200, was co-transfected into Sf9 cells with 
linearized AcNPV viral DNA (InVitrogen) or with linearized AcNPV missing an essential restriction fragment 
(Baculogold viral DNA from Pharmingen). 3. Once viral plaques formed, they were picked, small viral stocks 
prepared, and the resulting viral DNAs were screened by PCR analysis for the entire human IRBP eDNA. 
Large viral stocks were prepared from serially plaque-purified positives. 4. Large numbers of High Five cells 
(InVitrogen), a production cell line, were infected with the virus and medium harvested at an optimal time. 
The medium contained minimal amounts offetal calf serum to simplify rhIRBP purification. 5. RhIRBP was 
purified from insect cell medium by Con A and ion-exchange chromatography. 

LIGAND BINDING PROPERTIES 

All-trans-retinol binding to rhIRBP was previously characterized by fluorometric 
titration. The dissociation constant is about I micromolar, close to that of bovine IRBP. By 
scanning fluorometry, the emission and excitation maxima are at 479 nm and 339 nm, 
respectively (7). New and more extensive analyses of ligand binding properties of rhIREP 
have been carried out and the results are summarized in Table I. 

Two sample fluorescence titrations are shown in Figures 3 and 4. 

In Figure 3, all-trans-retinal was added to rhIRBP. About a 4-5 fold enhancement of 
fluorescence is observed when the ligand is bound to the protein. This is less than the roughly 
10-15 fold enhancement observed when all-trans-retinol binds to rhIRBP (7). All-trans-reti
nal (Sigma, R-2500) is the only aldehyde with which we could detect fluorescence enhance
ment. We did not detect fluorescence with 9-cis-retinal (Sigma, R-5754) or l3-cis-retinal 
(Sigma, R-6256). The Kd of 160 nM is substantially lower than that of all-trans-retinol. 
Together with the relative blue shift of the emission maximum this may suggest a different 
binding site or more hydrophobic amino acid side chains with which the all-trans-retinal 
interacts. 
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Table I. Fluorescence spectroscopic analyses of ligands bound to rhIRBP. Several 
forms of retinoids and fatty acid analogs were examined to measure dissociation 

constants and excitation and emission maxima. These latter maxima were 
determined with the ligand and I micromolar IRBP. Also, the Kd was measured in 

the presence of I micromolar rhIRBP, which was greater than 95% pure. 12-AS 
refers to 12-(9-anthryloxy)-stearate, 16-AP refers to 16-(9-anthryloxy)-palmitate, 

II-AU is 11-(9-anthryloxy)-undecanoate, 9-AA is 9-anthracenepropionate, 
12-AD is 12-(9-anthryloxy)-dodecanoate, and 9-cis-Ral is 9-cis-retinal. "No 

binding" means that there is either no affinity of the ligand with rhIRBP or no 
fluorescence enhancement upon the binding of the ligand to the protein. "N" is 

the number of times the individual titration experiment was carried out. "Quinine 
sulfate" refers to the concentration of quinine sulfate used to define I 00% on the 

relative fluorescence scale of the fluorometer 

Ligand Excitation max Emission max N Quinine sulfate Kd 

all-trans-retinol 339nm 479nm 3 166 ng/ml 1.0/lM 
all-trans-retinal 348 nm 460nm 2 50 0.2/lM 
13-cis-retinal 364 nm 418 nm 2 84 ND 
9-cis-retinal 361nm 445 nm 2 16 no binding 
II-cis-retinal ND ND 0 ? ND 
12-AS (stearic) 363 nm 437 nm 2 35 O.IS/lM 
16-AP (palmitic) 364nm 449 nm 7 49 0.07/lM 
12-AD (eI2) 364 nm 447 nm 2 166 0.07/lM 
II-AU (ell) 366 nm 443 nm 2 50 0.06/lM 
9-AA(e2) 368 nm 415 nm 2 100000 no binding 

ND = Not determined yet. 

We have examined binding of some fatty acid analogs with rhIREP also. We tested 
fatty acids that had been modified with a fluorescent moiety containing the anthracene ring 
structure. These derivatives have been used successfully previously with bovine IRBP and 
other fatty acid binding proteins. While it is possible that the fluorescent moiety affects ligand 
binding to IRBP, we first checked to see if 9-anthracenepropionic acid (9-AA) binds to 
rhIRBP. Were this simple model compound to bind, it would invalidate the selection of 
anthryloxy-series fatty acid analogs as ligands to study fatty acid binding to IRBP. As shown 
in Table I, 9-AA does not bind to rhIREP, justifying the use of the anthryloxy-fatty acid 
series. In Figure 4, we show the fluorescence titration ofthe ligand 16-AP binding to rhIRBP. 
The Kd is about 70 nM. 

Table I shows the results of the fatty acid binding experiments. Four compounds from 
II to 18 carbons in length bind to rhIREP. The affinity of all four is high, with Kd's ranging 
from 60 to 150 nM. The II, 12, and 16 carbon fatty acids have similar Kds and the stearate 
analog is slightly higher at ISO nM. These values are lower than those obtained by Putalina 
et al. (12) who found Kds for 16-AP and 9-AS of360 nM with the bovine protein. 

STUDIES IN PROGRESS TO IDENTIFY BINDING SITE 
LOCA TIONS IN RhIRBP 

Besides the normal wild type rhIRBP, we are constructing altered forms ofIRBP by 
recombinant DNA techniques. The first series of ON A constructs includes deletions of entire 
repeats. With these mutated forms ofIRBP we can assess the fundamental structure-function 
question: Given the four-repeat structure of the amino acid sequence, can each repeat bind 



Ligand-Binding Properties of Recombinant Human IRBP 

Binding curve: all-trans-retinal-IRBP 
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Figure 3. Binding Analysis of all-trans-retinal and rhIRBP. Raw fluorescence is plotted against the total 
concentration of all-trans-retinal added to the cuvettes in the lower panel. The sample cuvette containing 
rhIRBP is shown by the circles and without rhIRBP is shown by the squares. Using the Cogan method (10), 
we estimated the concentration of free retinal versus bound retinal, as shown in the upper left panel. We used 
the Marquardt-Levenberg algorithm (in Sigmaplot) to fit a simple hyperbola to the estimated bound versus 
free data. The fitted hyperbola is shown on the upper right panel. 

a different ligand? Similarly, we may be able to resolve the question of the number of 
all-trans-retinol binding sites (13, 14). We have constructed in the pVL 1392 transplacement 
vector several deletion alterations, which are described in Table II. 

Figure 5. shows a diagrammatic representation of the various deletion proteins. 
Although we have expressed the protein in several mutants, we have not yet purified 

enough of the intact proteins to carry out ligand binding assays. Similar approaches employing 
bacterial expression of bovine and Xenopus IRBP deletions are in progress (15, 16). 

SUMMARY AND CONCLUSIONS 

Because of the virtual identity of rhIRBP and human donor-eye derived IRBP it is 
valid to assess the ligand binding properties of human IRBP by using the recombinant protein 
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Figure 4. Fluorescence titration ofa fatty acid analog: The Binding of 16-AP and rhIRBP. Conditions of this 
experiment are very similar to those described in Figure 3. The twofold fluorescence enhancement is not as 
great as with the retinoids. 
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Figure 5. Mutant Forms of Human IRBP. 
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Table II. Status of mutant forms of human IRBP 

Mutant 
Name* 

Transfer plasmid Recomb. baculovir 
made? stock made? 

IRBP found? Protein purified? Used in ligand 
Secreted? Internal? Intact? Degrad? binding expts? 

wild type 
1+2+ 
1+2-
3 
1+2+3 
Arginine 

mutants 

yes 
yes 
yes 
yes 
yes 

yes, verifying 
sequence changes 

yes secreted intact 
yes secreted intact + contam's 
yes secreted intact + contam's 
yes ? 
yes secreted intact 
no 

*Lengths of the deletion mutants and positions of the point amino acid changes, see Figure 5. 

yes 

that is available in larger quantities and in purified fonn. The baculovirus system provides 
an excellent method to produce and secrete human IRBP. No renaturation steps are involved, 
eliminating possible complications in later analyses of the samples. The protein can be 
readily purified much as IRBP from eyes. Its behavior on chromatography and by binding 
studies suggest that the protein is very similar to the authentic protein. Small, but readily 
detectable differences in behavior compared to bovine material highlight the need to study 
the human protein. 

Noy and co-workers (17) have reported about a tenfold lower Kd for bovine IRBP 
and all-trans-retinol. Although we report similar values for the human and bovine IRBP 
proteins with all-trans-retinol at l.0 micromolar, this could be artifactually high. As many 
other investigators have done, we have stored our protein preparations frozen at -80 C. Noy 
suggests that the difference between her studies and others is that she stores her protein in 
50% glycerol, never freezing the protein before ligand binding experiments. 

We conclude that the ligand binding properties of rhIRBP are similar but not identical 
to those of bovine IRBP. We are surprised that all-trans-retinal binds more tightly than 
all-trans-retinol. Also, the fatty acids bind with even higher affinity. These experiments 
suggest different roles for IRBP in transporting these ligands, and that probably there are 
different structures in IRBP that bind different ligands, possibly up to four binding sites in 
this mUltiple-repeat protein. Last, alteration of the protein, especially deletion of repeats 
within the protein and substitutions of highly conserved amino acids, should indicate the 
locations of binding sites for each ligand. 

Supported by: 

RPB, O. K. Weiss Scholar, Fight For Sight GA920l7, NIH ROI EY10553 and P30 
EY 06360. 
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INTRODUCTION 

Retinitis Pigmentosa (RP) is a group of inherited progressive degenerative disorders 
of the retina genetically transmitted by recessive X-linked, recessive autosomal, dominant 
autosomal or digenic inheritance patterns. 

These disorders are frequently associated to breadcrumb posterior subcapsular cata
ract. Similar lens changes are seen not only in RP, but also in other retinal diseases as in high 
myopia, retinal detachment, chorioretinitis, diabetic retinopathy and posterior segment 
inflammatory alterations (uveitis). 

In experimental retinal degeneration models, such as in RCS mice in which there is 
a primary retinal degeneration very similar to human tapetoretinal degeneration (RP), a 
cataract is also present. Moreover, in 1991 Yonemura also reported in these mice corneal 
endothelial cell alterations, in our studies we pointed out similar corneal qualitative altera
tions in eyes of patients affected by Retinitis pigmentosa. 

The pathogenesis of the endothelial cell changes and lens opacities, occurring in 
retinal degenerative disorders, are probably due to the presence of toxic products originating 
from the lipid metabolism of the photoreceptor membrane. In fact Simonelli and coIl. (1989) 
also demonstrated higher concentration of malondihaldeyde (MDA), a toxic derivate of 
docosohexanoic acid (DHA), in RP lenses than in normal senile cataracts. 

The preferential occurrence of opacities on the lens posterior layers (posterior 
subcapsular cataract) seems to be due to the fact that, in this region, the posterior capsule is 
thinner. Therefore, a toxic metabolite might derange the structure and orientation of lens 
fibers in the superficial layers, corresponding to the sutural connections at the level of the 

Degenerative Diseases a/the Retina. Edited by Robert E. Anderson et al. 
Plenum Press, New York, 1995 403 
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posterior capsule, these alterations were noted in a histological analysis of cataractous R 
and Myopic eyes (Feher 1991). A similar pathogenesis could be claimed for the cornel 
endothelial cell alterations. In fact, the toxic derivates brought by the aqueous humour int 
the anterior chamber might damage the surface and structure of the endothelial comeallaye 

Since MDA is supposed to be the involved toxic metabolite, and this molecule bin( 
amino groups of proteins to yield a fluorescent chromophore, it is possible to measure i
ocular concentration with a spectrofluorometric determination of aqueous humor sample 
This procedure was applied by several authors to study the composition of retinal photon 
ceptor membrane toxic derivatives in retinal degeneration. 

In the present study, we determined the concentration ofMDA chromophores in th 
aqueous humour of20 cataractous RP patients, comparing the results to 20 normal age-, se, 
and refraction-matched subjects affected with senile or pre-senile cataracts, referring to th 
spectroscopic studies of Goosey (1984). 

MATERIALS, METHODS 

All RP patients were studied according the national (F.I.A.R.P.) clinical and geneti 
protocol of investigation, as reported in previous studies. For the specific evaluation ofler 
opacities, each patient underwent clinical examination, Neitz retroillumination photograp 
to document the extension of cataract, and Scheimpflug photograph to evaluate the layeJ 
involved by the opacities. 

Our research was performed on 40 eyes divided in two groups, age and sex matche 
as follows: 

I. RP Group: 20 eyes, average age of 51 ± 4,38 range (40-76): 

2. Control Group: 20 eyes, average age of 58 ± 7,17 range (48-79). 

Surgical Procedure 

ExtraCapsular Cataract Extraction (ECCE) was performed in 18 eyes of the RP groUt 
and in all 20 of the groups with senile cataract, while in 2 eyes of RP we performed a 
IntraCapsular Cataract Extraction (IeCE). Aqueous samples of 300-500 III were draw 
during cataract surgery before the opening of the anterior chamber. The extracted nuclei wet 
immediately stored in buffered Ringer Lactate solution for further evaluation. 

Laboratory Procedure 

The spectroscopic analysis of the aqueous samples was performed using a Jasc 
FP770 spectrofluorometer in a double blind designed experiment, testing 150 III of aqueoll 
humour diluted in 3 ml of 0.1 % sodium phosphate buffered at pH 7,0. The emission spectrur 
was recorded with the addition of a photomultiplier as follows: 

I. wavelength range: 380-480 nm (excitation wavelength: 355 nm). 

II. wavelength range: 300-400 nm (excitation wavelength: 280 nm). 

In both cases the emission peaks were broad and allowed us to use a slit width of I 
nm. The nuclei were homogeneized and diluted according the technique of Gossey and tb 
MDA was extracted with Sodium Tiopenthal. 
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Figure 1. F310 Values. The D40 peak was 332± 11.7 mu.1. in RP. 
while 212±11.0 mu.1. in the control group (Fig. n02). 

RESULTS 

Control 

405 

p::O.0163 

RP 

In the spectra recorded using the 355-nm excitation wavelength a marked emission 
peak centered at 407 nm was observed. This peak was also present in the buffer solution, 
and was attributed to the raman's emission of water. A broad, featureless and faint band of 
emission in the region of 430-460 nm was also recorded. This band was higher in samples 
than in the reference solution (buffer only). 

The analysis of the excitation spectrum monitoring the emission at 445 nm showed 
two peaks, corresponding to excitation at 380 and 280 nm with relative amplitude of 1:4. 
These peaks have been attributed to the water's raman effect and to an aromatic chromo
phore, respectively. 

All samples were therefore analyzed for fluorescence emission using the 280 nm 
excitation wavelength. In this instance, two partially superimposed peaks were detected, 
centered at 310 (f3 10) and 340 nm (f340). 

These peaks were attributed to aromatic aminoacids, most probably tryptophane or 
tyrosine, either free or as components of proteins. The two fluorescent chromophores were 
detected in RP patients as well as in control group. No MDA fluorescence was observed in 
both groups. Concentration of f31 0 was in RP 266±80 mu.l., while in the control group 
I 68±76 mu.1. (Fig. n° 1). 

Figure 2. F340 Values. The DIO/D40 ratio was 827±126 for RP 
eyes, and 821±92 for control subjects (Fig. n03). Statistical 
analyses demonstrated significantly higher proportions of DI 0 
(tyrosine) and D40 (tryptophane) peaks in RP eyes than in control 
eyes (DIO: p=0.0163; D40: p=0.0181). whereas the 310/340 
ratio was not significantly different between the two groups 
(p=0.47). 

o 
Control 

p=O.0181 

RP 
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Control RP 

DISCUSSION 

p:O.47 
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Figure 3. F310/f340 ratio values. Analyses perfonned on the 
nuclei extracted from RP patients showed no detectable levels of 
MDA. 

Results showed that neither the aqueous humour nor nuclei from cataractous RP 
patients contain either MDA or its fluorescent components. However, since these substances 
may accumulate in the lens and in other ocular tissues, it is possible that its concentration in 
the aqueous humour was too small to be detected. Therefore, it cannot be excluded as a 
possible role of MDA in the pathogenesis of cataract and of the endothelial cell lesions. 

The possible role of MDA in the pathogenesis of cataracts is supported by studies 
performed on animal models or cell cultures, that do not reproduce the pathophysiology of 
the eye in RP patients. In the few available studies on human RP patients in which MDA has 
been detected, its retinal origin has never been demonstrated. In conclusion, our study has 
been unable to demonstrate significant concentrations ofMDA in the aqueous ofRP patients, 
whereas high concentrations of aromatic aminoacids (tyrosine and tryptophane) were 
detected in every instance. Their higher concentration in the aqueous humour ofRP patients 
might be due to equally probable, different causes (possibly coexisting); 

I. To the leakage of the blood-retinal barrier, that is known to be significantly altered in RP patients, as 
demonstrated by fluoroangiographic and fluorophotometric studies, and by the identification of lympho
cytes and macrophages in the vitreous body as responsible for vitreous particulation; 

2. To the altered active transport of aromatic aminoacids, that could be due to an alteration in the melanin 
metabolism in RPE cells. 

3. Increased levels of aqueous aromatic aminoacids could increase aqueous osmolarity, with damage of the 
lens surface and fibers. This would be more likely to happen at the level of the posterior lens capsule, 
because of the expected retinal origin of these substances, and particularly in its thinner portion, i.e., the 
axial area. 

4. The absence of MDA fluorescence in the aqueous does not rule out the potential role of peroxidation 
derivates in RP cataractogenesis. 
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IRBP(interphotoreceptor retinoid binding protein), 
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